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SIXCTOR'S  POREWORD 


The  book  ”Eleotronlo  Devices”  Is  herewith  published  In  Its 
second  edition  as  a  one-volu»e  work.  Hie  very  fact  that  it  Is  being 
republished  Indicates  Its  recognition  both  as  a  textbook  for  elec¬ 
tron-tube  technical  schools,  and  as  an  aid  to  workers  In  the  various 
fields  of  technology  which  are  connected  with  the  aanufactui^e  and 
application  of  the  devices  described  In  the  book. 

In  the  process  of  re-edltlng  the  book  for  the  second  edition, 
we  have  made  use  of  the  experience  gained  In  Its  use  as  a  textbook 
for  the  course  In  "Xlectronlc  Devices”  In  the  electron-tube  techni¬ 
cal  schools,  as  well  as  critical  observations  pertaining  to  the 
content,  technique  of  exposition  and  arrangement  of  the  book  and 
some  new  material  which  was  published  after  the  appearance  of  the 
flrat  edition. 

Certain  chapters  of  the  book  have  been  shortened  considerably 
at  the  eiqpense  of  problems  basically  concerned  with  utilization  of 
the  devices  In  specific  circuits.  On  the  other  hand,  the  exposition 
of  those  questions  which  pertain  to  the  design  features  of  the  de¬ 
vices  described  in  the  book  and  the  processes  occurring  in  the  latter 
has  been  enlarged.  Hie  exposition  of  several  sections,  including  the 
general  problems  of  electron  theory  and  pzwiblems  of  the  operation  of 
certain  semiconductor  devices  and  special  electron  tubes  is  brought 
nearer  to  the  oontesporary  level  of  the  science. 

Hie  book  does  not  pretend  to  give  an  all-inclusive  analysis  of 
the  whole  complex  of  physical  processes  in  the  types  of  eleotronlo 
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devloes  considered;  It  lliilts  Itself  basically  to  the  content  pro¬ 
vided  for  students  In  the  electron-tube  technical  schools.  Problems 
of  the  design  of  the  devices  are  set  forth  with  consideration  of  the 
level  of  mathematical  preparation  of  the  students.  The  ejgposltlon  of 
these  problems  has  as  Its  object  teaching  the  student  the  skills  re¬ 
quired  to  carry  out  Independent  oaleulatlons  of  the  separate  elements 
of  the  electronic  devices. 

Chapters  1-4,  13i  14,  16  and  17,  as  well  as  Sections  15-^  and 
15-9  were  written  by  a.M.  Tankln;  Chapters  5-12  auid  15  and  Section 
4-7  were  written  by  ILS.  Katifiian. 

R.A.  miender 
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Chapter  One 


PTJNDAMENTAIS  oy  KLBOTRON  THMUT  X'" 

1-1.  STmrCTDRE  OF  THE  ATOM.  ELECTRONS  AND  IONS. 

According  to  preeent-day  electronic  theory,  matter  hae  an 
atoacLo  structure,  l.e..  Is  coursed  of  extremely  tiny  paz>tiole8 
which  are  called  atoms.  Ihe  atom.  In  tiim.  Is  composed  of  even 
smaller  electrically  charged  and  neutral  particles. 

Ihe  slisplest  atomic  structure  may  be  found  In  the  hydrogen 
atomi  In  the  center  of  the  atom  Is  a  heavy  nueleus  with  an  ele¬ 
mentary  positive  charge  —  the  proton.  In  which  practically  the 
whole  mass  of  the  atom  Is  concentrated,  while  a  negatively  charged 
particle,  the  electron,  revolves  around  the  nucleus,  under  the  In¬ 
fluence  of  Its  attraction.  As  a  result  of  this  and  of  the  coinci¬ 
dence  of  the  center  of  the  positively  charged  nucleus  with  the 
center  of  the  time-average  position  of  the  electron,  the  charges 
of  the  nucleus  and  the  electrons  cancel  each  other  with  the  result 
that  the  atom  as  a  whole  Is  electrically  neutral. 

The  helium  atom  has  a  somewhat  more  ooiiq;>lex  structure.  Its 
nuclexui  contains  two  protons  and  two  electrically  neutral  paz>tlcles 
which  are  called  neutrons.  The  mass  of  the  neutron  Is  somewhat 
greater  than  that  of  the  proton.  TWo  electrons  revolve  aromnd  the 
helium  nucleus  (Fig.  1-2). 

The  representation  of  the  electron  given  In  Figs.  1-1  and 
1-2  Is  conventional  and  syi^ollo.  In  reality,  the  electron  has  no 
oompletely  definite,  rigorously  fixed  shape,  and  we  cannot  ascribe 
to  It  the  Shape  of  a  little  ball.  But  should  we  want  to  Imagine  a 
little  hall  with  a  charge  e<iual  to  that  of  the  electron  and  giving 
rise  to  the  sum  field  as  the  electron,  the  radius  of  such  a  hall 
would  he  1.4*10”^^  cm. 
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The  r«p7»MntatlonB  of  the  orbits  shown  In  these  figures  are  like- 
wiae  oonventlonal.  In  this  oase,  when  we  speak  of  an  orbit,  what 
m  really  nean  Is  the  most  probable  position  of  the  electron  In  the 
atoB.  In  reality.  It  is  Impossible  to  traoe  the  path  of  the  elec¬ 
tron  aroiind  the  nucleus. 

As  the  atoMc  munber  of  the  element  Increases,  the  eomplexlty 
of  the  atomlo  strueture  becomes  greater  and  greater.  One  of  the 
most  ooMiplekHitraottcred  at«M  Is  that  of  uranlua. 


Ninety-two  electrons  revolre  around  the  positively  charged  nucleus 
of  the  uranium  atom  at  various  dlstemoes  from  the  center  and  form 
so-called  "electron  shells”  around  the  nucleus.  !Qie  nuoleus  Itself 
contains  92  protons  and  146  neutrons,  so  that  the  atomlo  weight  of 
uranium  Is  238. 

me  number  of  neutrons  In  the  nuoleus  of  any  atom  may  be  de- 
tezmlned  If  we  know  the  atomlo  weight  rounded  off  to  a  whole  num¬ 
ber  and  the  atomic  nmriber  Z  In  Mendeleev's  periodic  chart  of  the  / 

elements  1 

n  »  A  -  Z  (1-1) 

me  atoms  of  all  the  elements  are  electrically  neutral,  since 
the  number  Z  of  their  protons  Is  equal  to  that  of  their  electrons. 

Sleotrons  may  transfer  from  one  electron  shell  to  another, 
with  each  such  transition  aoooq;>anied  by  a  change  in  enezgy.  In 
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passing  to  a  shell  with  a  smaller  radius^  the  electron  gives  up 
part  of  Its  energy  Into  the  surrounding  space  as  radleuit  energy> 
so  that  Its  energy  becomes  smaller.  The  reveMe  transition  of  an 
electron  to  shells  farther  from  the  nucleus  Is  possible  only  on 
application  of  an  external  force  whlch^  working  against  the  force 
binding  the  electron  to  the  nucleus^  thereby  Increases  Its  energy.  / 

If  the  electron  receives  sufficient  energy.  Its  bond  with  the 
imcleiLS  may  break.  Clearly,  the  process  of  complete  separation  of 
the  electron  from  the  nucleus  Involves  a  very  great  eaq^endlture  of 
energy.  Phr  this  reason,  the  Internal  energy  of  the  atom  Is  greatest 
upon  complete  separation  of  the  electron  from  it.  Upon  complete 
separation  of  the  electron,  the  electrical  equilibrium  of  the  atom 
Is  disturbed:  the  atom  changes  Into  a  positively  charged  Ion,  the 
positive  charge  of  which  Is  equal  In  magnitude  to  the  negative  charge 
of  Its  lost  electron. 

The  process  of  cosplete  separation  of  an  electron  from  an  atom 
or  that  of  the  addition  of  an  excess  electron  to  the  atom  to  create 
either  a  i>osltlve  or  a  negative  Ion  Is  called  the  Ionization  of 
the  atom. 

The  molecTiles,  atoms  or  Ions  of  solids  are  arranged  In  a  def¬ 
inite  order  and  form  a  so-called  crystal  space  lattice.  9our  types 
of  lattice  may  be  distinguished:  molecular,  atomic,  Ionic  and 
metallic,  depending  on  the  particles  composing  the  lattice  and  the 
nature  of  the  foirces  operating  between  them. 

The  last  two  types  of  lattice  are  of  Interest  to  lui. 

In  Ionic  lattices,  we  have  a  regular,  periodically  recurring 
alternation  of  oppositely  charged  Ions.  Electrical  forces  of  at¬ 
traction  act  between  oppositely  charged  Ions,  and  electrical  forces 
of  repulsion  between  those  which  have  like  charges.  The  resulting 


tovoen  array  the  Iona  of  both  al^ns  In  a  strictly  determined 
order,  by  which  the  atructtire  and  density  of  the  crystal  lattice 
are  determined.  Ionic  lattices  are  typical  of  the  majority  of 
salts.  Figure  1-3  shows  the  elementary  cell  of  the  Ionic  lattice 
of  sodium  chloride,  which  takes  the  fonn  of  a  slnple  cubic  lattice. 

The  lattices  typical  of  metals  are  most  Interesting.  Ihey  are 
composed  of  only  positively  charged  Ions,  among  which  electrons 
move  freely.  The  majority  of  metals  are  characterized  by  lattices 
In  which  the  cojq>onent  pairtleles  are  extremely  close-packed. 

Oertaln  metals,  e.g. ,  tiu^sten,  have  lattices  which  are  less  tight¬ 
ly  packed  (Fig.  1-4). 

Ifumerous  measurements  have  made  It  possible  to  detenslne  that 
the  charge  of  the  electron  Is  equal  to  4.803*10“^^  absolute  elie<^- 
trostatlc  units. 

Like  the  proton,  the  electron  has  a  mass;  It  Is  equal  to 
9*106«10  g  —  almost  2000  times  smaller  than  the  mass  of  the  proton,  f 
But  even  with  such  a  small  mass,  the  density  of  the  electron  Is  ex¬ 
tremely  high,  since  this  mass  Is  enclosed  In  such  a  small  volume. 

The  charge  of  the  electron  remains  constant  under  all  condi¬ 
tions,  but  Its  mass  remains  constant  If  It  Is  In  a  state  of  rest. 

Mhen  an  electron  mores,  its  mass  changes  with  changing  velocity. 

The  relationship  of  the  mass  m  of  the  electron  to  its  relocity  v 


may  be  expressed  by  the  formula: 


(1-2) 


where  Uq  Is  the  mass'' ef  the' electron -lit  r«it''arid-c-ls~the  speed  of 
light.  If,  In  electronic  devices,  the  electron  were  able  to  move 
with  a  velocity  very  close  to  the  velocity  of  light,  e.g.,  with  a 
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veloolty  of  0.998o,  as  In  the  caae  of  radioactivity,  it  woxxld,.  ac¬ 
cording  to  this  forinula,  have  a  mass  approximately  16  times  greater 
than  Its  mass  In  the  state  of  rest*  In  the  majority  of  electronic 
devices,  however,  the  electrorus  move  with  velocities  much  smaller 
than  that  of  light,  so  that  the  change  In  the  mass  of  the  electron 
oan  be  disregarded. 
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of  elementary 
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Ihe  above  conceptions  of  the  structure  of  the  atom  are,  strict¬ 
ly  speaking,  only  approximate,  but  constitute  a  useful  visual  repre¬ 
sentation.  In  reality,  the  physical  processes  which  unfold  In  the 
electron  shells  of  the  atom  are  more  complex.  Ibe  so-called  qnanttos 
theory  provides  a  a»re  exact  explanation. 

1^.  BASIC  CONCBFTS  07  THE  QOAlfnm  7HB0R7. 

Planck,  one  of  the  creators  of  the  quantum  theory,  established 
In  1900  that  radiant  energy  can  be  emitted  and  absozbed  not  unln- 
terrtqptedly  and  In  any  quantity,  as  Implied  In  the  electromagnetic 
theory  of  light,  but  In  definite  portions  (qmanta),  the  amgnltude  of 
which  can  be  detezmined  by  the  equation 

•=A»,  (1-3) 

where  v  la  the  number  of  oacillationa  per  second  (f^sqneney)  and  h  Is 
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a  ppopoptlonallty  coefficient  (Planck's  constant)  having  the  di¬ 
mensions  of  action  (energy  multiplied  by  time)  and  therefore  known 
as  the  quantum  of  action  (h  =  6.62*10“^'^  erg*  see. )»  the 

quanta  of  energy  are  multiples  of  the  quantum  of  action  h,  which 
has  the  same  value  for  all  freqxiencles  or  wavelengths. 

It  follows  from  Equation  (1-3)  that  for  low  frequencies  of 
oscillation,  the  energy  quanta  are  also  small,  l.e. ,  long -wave  os¬ 
cillations  possess  little  energy;  at  high  oscillation  frequencies, 
the  energy  quanta  are  large,  and  the  actual  processes  of  radiation 
unfold  with  sharp,  discontinuous  energy  chemges. 

Oenerallzlng  the  theory  of  Planck,  Bohr  established  In  1913 
that  continuous  radiation  as  set  forth  In  the  electromagnetic  wave 
theory  does  not  hold  true  In  the  case  of  the  atom,  and  that  the 
laws  which  apply  for  phen<Miena  unfolding  In  the  world  of  large 
(macroscopic)  quantities  do  not  hold  true  for  the  atcm.  In  the 
model  of  the  hydrogen  atom  constructed  by  Bohr,  the  electron  can 
move  only  In  certain  completely  determined  orbits  which  are  per¬ 
mitted  by  the  quantum  theory.  The  electron  revolves  In  such  orbits 
without  radiation  of  energy,  with  the  smallest  of  these  orbits 
corresponding  to  the  most  stable  (nonnal)  energy  state  of  the  atom. 

In  which  It  can  exist  for  an  Indefinite  time,  nie  transition  of  an  f 
electron  from  a  given  orbit  to  emother,  l.e.,  from  a  given  energy 
level  to  another.  Is  aooompanled  by  either  absorption  or  emission 
of  definite  q;aantltles  of  energy,  that  Is,  quanta.  In  transfeirring 
to  a  level  sltxuited  closer  to  the  nucleus,  the  electron  gives  iqp  a 
part  of  Its  energy  in  the  fom  of  radiation  to  the  surrounding  space, 
with  the  result  that  Its  energy  becoai.s  smaller.  The  reverse  tran¬ 
sition  of  the  electron  to  a  level  farther  from  the  nucleus  Is  possi¬ 
ble  only  under  the  Influence  of  an  external  force  which  does  work 
against  the  forces  attraatlng  the  eleotron  toward  the  naoleus  and 


thereby  InoreaseB  Its  energy.  Consequently,  the  largest  energy  Is 
neoessary  to  separate  the  electron  front  the  atom  If  the  electron 
is  at  the  lowest  energy  level.  If,  however,  the  electron  is 
situated  in  an  external  energy  level  far  from  the  nucleus,  less 
energy  is  necessary  for  its  oonplete  separation  from  the  nucleus, 
nte  eiwrgy  which  is  necessary  for  ooioplete  separation  of  an 
eleetron  from  an  atom  is  called  the  energy  of  ionization. 

No  more  than  two  electrons  may  be  found  simultaneously  on 
each  energy  level  of  an  atom  or  system  of  atoms  (Pauli  exclusion 
principle).  For  this  reason,  the  transition  of  an  electron  to  a 
given  level  is  possible  only  provided  that  the  energy  level  is 
free. 

Oonteugwrary  quantum  theory  (quantum  mechanics),  which  studies 
the  laws  of  antion  and  interaction  of  particles  of  atomic  dimen¬ 
sions  and  very  small  mass  (electrons,  protons  etc.),  has  estab¬ 
lished  that  the  most  probable  situations  of  the  electrons  revolving 
around  the  nucleus  of  any  atom  are  given  by  spheres  which  corres¬ 
pond  to  Bohr  ox^its,  but  are  not  the  only  possible  orbits  but  only 
the  most  probable.  Ihe  electrons  in  the  atom  may  thus  be  found  at 
any  dlstanoe  from  the  nucleus,  b  they  anast  at  the  same  time  oc¬ 
cupy  only  fully  defined  energy  It  ala;  they  may  not  occur  at  inter¬ 
mediate  levels,  which  are  forbidden  to  them.  Ihe  presence  of  for¬ 
bidden  levels  has  been  confineed  experimentally  with  great  certain¬ 
ty,  though  the  oamse  of  the  exclusion  is  not  yet  clear. 

A  completely  determined  amount  of  energy  equal  to  a  whole  num¬ 
ber  of  quanta  hv  corregponds  to  each  energy  level.  For  this  reason, 
the  energy  differenoe  between  any  neighboring  levels  is  always 
equal  to  hv.  Thus  the  energy  of  the  electrons  in  the  atom  can 
aasame  net  all,  but  only  fully  detezalned,  disorete  values. 


!Qie  electron  ifl  a  material  particle  (corpuscle).  In  addition 
to  corpusculaj?  properties,  however.  It  also  possesses  wave  proper¬ 
ties  at  the  same  time.  TJie  corpuscular  properties  of  the  electron 
may  be  detected  In  phenomena  which  occur  In  spaces  whose  linear 
dimensions  exceed  the  Size  of  the  electron  considerably.  If,  how¬ 
ever,  the  linear  dimensions  of  the  space  (of  the  object  of  Inter¬ 
action)  are  comparable  to  the  dimensions  of  the  electron.  Its  wave 
properties  can  become  apparent. 

Wave  and  corpuscular  properties  can  also  be  detected  In  other 
atomic  particles  (protons,  neutrons,  etc. )  but  wave  properties  are 
manifested  more  strongly  In  the  electron,  which  has  an  extremely 
small  mass,  than  In  other  atomic  particles. 

llius,  quantum  mechanics  has  established  that.  In  contrast  to 
the  macroscopic  bodies,  the  most  Important  properties  of  atomic 
particles  are  the  discreteness  of  their  Interactions  and  the 
presence  of  corpuscular  and  wave  properties. 

1-3.  FREE  AND  BOUND  ELECTRONS. 

Under  certain  conditions,  the  outer  electrons  of  certain  atoms 
can  receive  an  additional  energy  from  without  which  Is  sxifflclent  for 
complete  separation  from  the  nucletis.  As  a  result,  the  atoms  become 
positive  Ions  and  the  detached  electrons  continue  their  mtlon 
among  the  neutral  atoms. 

Electrons  which  move  in  Interatomlo 
space  even  for  a  short  Interval  of  time  eire 
called  free  electrons.  Ihese  electrons  occu¬ 
py  higher  energy  levels  than  the  eleotrons 
found  In  the  atom. 

fig. 1-3.  Dipole 

In  the  presence  of  an  external  elec-  foxmed  when  ex¬ 

ternal  eleotrlo 

trio  field,  the  ohaotlo  movement  of  the  field  sets  iq>on 

an  atom. 
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eleotx*on0  becomes  ordered  and  dlreotlonal.  An  electric  current 
arlfiefl  a  remxlt  of  this.  It  Is  customary  to  refer  to  electrons 
ifhlch  are  situated  within  the  atom  and,  unlike  free  electrons,  are 
closely  held  to  the  nucleus,  as  boiind  electrons.  Tlie  bound  elec¬ 
trons  belong  to  the  atoms  and  their  movements  are  restricted  to 
the  limits  of  the  atoms.  TSie  influence  of  an  externfid  electric  field 
on  bound  electrons  Is  manifested  only  In  a  certain  displacement  of 
the  electrons  away  from  the  nucleiuB  and  distortion  of  the  electron 
shell  under  the  Influence  of  the  electric  forces.  Mpoles  (W.g.  1-5) 
form  as  a  result  of  this,  with  the  positively  charged  atosilc  nuclei 
situated  at  one  end  and  the  electrons  on  the  other.  Ihe  centers  of 
the  nuclei  and  the  time-average  positions  of  the  electrons  do  not 
coincide  In  this  case,  but  are  displaced  by  a  certain  distance  x. 

The  greater  the  strength  of  the  external  electric  field,  the  great¬ 
er  will  be  this  shift.  Electrons  that  are  bound  to  the  nucleus 
cannot,  of  course,  create  an  electric  current  even  In  the  presence 
of  an  external  electric  field. 

1-4.  THE  VELOCITY  AND  ENERGY  OP  ELECTRONS. 

Let  us  consider  the  chemges  In  the  velocity  and  energy  of 
free  electrons  which  move  In  a  vacuum  under  the  Influence  of  the 
forces  of  an  electric  field. 

In  general,  the  force  acting  on  a  positive  charge  q  situated 
in  an  electric  field  Is  directly  proportional  to  the  magnitude  q 
of  the  positive  charge  and  the  electric  field  strength  Bt 

E  -  qE.  (1-4) 

If  an  electric  field  acts  upon  a  xmlt  positive  chargs  <l"l# 
the  equation  Is  simplified i 

P  =  E.  (1-5) 

Equations  (1-4)  and  (1-5)  show  that  the  force  7  and  the 
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electric  field  strength  S  hSTe  the  ia»e  sign  end^  consequently. 


the  sipe  direction. 


Kg.  1-6.  The  direction 
of  moveiaent  of  a  posi- 
tire  charge  q  in  an  elec¬ 
tric  field  coincides  with 
the  direction  ef  tlui  force 
¥  and  the  field  rector  S. 


Kg.  1-7*  aorenent 
of  an  electron  in  cm 
electric  field  coin¬ 
cides  with  the  direc¬ 
tion  of  the  force  F. 
but  is  opposite  to  the 
direction  of  the  field 
vector  E. 


For  this  reason,  the  positive  charge  q  will  be  displaced  in  the 
direction  of  the  force  P  and  the  force  vectors  of  the  electric 
field  E,  passing  from  points  of  high  potentlcd  to  points  of 
lower*  potential  (Kg.  1-6). 

Electric  currents  are  created  in  electronic  devices  by  the 
directional  aoveMnt  of  free  electrons  in  a  vacuum.  The  force 
which  the  electric  field  exerts  upon  the  free  electron  is  eqxial 
in  magnitude  to  the  product  of  the  charge  on  the  electron  by  the 
electric -field  strength,  but  opposite  in  direction  to  the  field- 
strexigth  vector  E,  since  the  electron  is  negatively  charged  t 

P  =  -  eE  (1-6) 

In  contrast  to  the  positive  charge,  therefore,  an  electron 
will  travel  in  the  direction  of  the  applied  force  F  under  the  in¬ 
fluence  of  cm  electric  field,  but  in  the  direction  opposite  to 
the  field  vector  E,  l.e. ,  will  travel  from  a  point  of  lower  po¬ 
tential  toward  a  point  of  higher  potential  (Kg.  1-7 )• 

The  above -described  interaction  of  an  electric  field  with 
the  positive  charge  or  the  electron  is  similar  to  the  familiar 
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Interaetlon  of  lilco  cmd  unlike  eleotrlo  ehargeB,  In  whloh  like 
ohargeB  repel  and  unlike  chargee  gt>- 
treot. 

Let  UB  consider  the  Bln$)lest 
caee  of  Bovement  of  a  free  elec¬ 
tron  In  an  electric  field:  that 
In  which  It  traverses  a  certain 
potential  difference  H  In  a  vacu¬ 
um  under  the  Influence  of  a  force 
P  -  -  eE. 

Let  us  denote  the  potential  of  the  first  point  of  the  field 
(PLg.  1-8)  through  which  an  electron  passes  with  an  Initial 
velocity  Vq  by  Uq  and  the  potential  of  the  second  point  to  which 
the  electron  passes  with  a  velocity  of  Vj^  by  U^, 

If  the  potential  at  point  2  Is  greater  than  the  potential 
Uq. at  paint  1,  the  velocity  as  well  as  the  kinetic  energy  of  the 
electron  will  Increase  as  It  passes  from  point  1  to  point  2.  The 
Increase  In  the  electron’s  kinetic  energy  due  to  the  accelerating 
potential  difference  -  Uq  through  which  It  has  passed  between 
these  points  of  the  field  may  be  presented  as  the  difference 


Fig.  1-6.  nte  movement 
of  an  electron  from  a 
point  with  lower  poten¬ 
tial  Uq  to  acpbiht  .fif 
higher  ^potential  TJ..  Is 
accompanied  by  an  .In¬ 
crease  In  Its  velocity 
V  ^d  kinetic  energy 
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But  on  the  basis  of  the  law  of  conservation  of  energy,  the 
Increase  In  the  kinetic  energy  must  be  equal  to  the  work  done 
by  the  forces  of  the  eleotrlo  field  to  move  the  electrons  from 
point  1  to  point  2. 

Ohls  wozk  Is  equal  to  the  produet  of  the  electronic  charge 
by  the  potential  difference  -  Uq  through  which  It  has  passed 
between  points  1  and  2,  l.e. ,  dw  «  e(U^  **  ^0^*  ^  basis,  we 


can  equate  the  kinetic  energy  Increase  of  the  electron  to  the 
work  which  the  electric  field  has  done  to  displace  Itt 

(1-7) 

If  the  electron  were  to  move  from  a  point  of  higher  potential 
to  a  point  of  lower  potential.  It  would  do  work  against  the  field 
forces  at  the  expense  of  Its  Initial  kinetic  energy  ^^^^2  amiS, 
after  having  spent  Its  energy.  It  would  come  to  rest.  On  the  basis 
of  the  same  law  of  conservation  of  energy,  the  decrease  In  the 
Initial  kinetic  energy  of  the  electron  must  be  equal  to  the  energy 
Increase  of  the  electric  field. 

Electric  fields  In  which  the  kinetic  energy  or  velocity  of  the 
moving  electrons  Increases  are  called  accelerating  fields.  However, 
If  the  kinetic  energy  or  velocity  of  the  electrons  decreases  In 
motion  In  an  electric  field,  such  a  field  Is  called  a  retarding 
field.  The  potential  differences  traversed  by  the  electron  are 
called  either  accelerating  or  retarding  potential  differences  ac¬ 
cordingly. 

It  should  be  remembered,  however,  that  an  electron-accelerat¬ 
ing  field  will  retard  the  movement  of  positively  charged  particles 
and  vice  versa.  Moreover,  one  and  the  same  electric  field  may  be 
accelerating  or  retarding,  depending  upon  the  direction  of  movement 
of  the  electric  charge.  For  exanqple.  If  an  eler  ron  moves  against 
the  lines  of  force  of  the  electric  field,  the  field  will  be  an 
accelerating  field  for  It;  If,  however,  the  electron  moves  In  the 
direction  of  the  field's  force  lines,  the  field  will  be  retarding. 

Let  us  turn  to  Equation  (1-7).  If  the  potential  of  the  first 
point  Uq-O  and  the  Initial  velocity  of  the  electron  at  that  point 
Is  Vq**0,  then  Equation  (1-7)  will  assume  the  simpler  form 


In  this  formula,  the  quantity  1«  the  ^j^otjtntial  differ¬ 
ence  between  the  first  and  second  points  of  the  field,  and  the  quan¬ 
tity  aiy^/2  .Is  thi  klnetie-e»argy^:3.ncreaae..©f  rthij  electron  after  . 
traversing  the  accelerating  potential  difference  between  points 
1  and  2. 

Since  the  charge  and  mass  of  the  electron  are  constant.  It 
follows  from  Equations  (1-7)  and  (1-8)  that  the  velocity  and 
kinetic  energy  of  the  electron  are  dependent  only  on  the  potential 
difference  which  It  traverses.  For  this  reason,  the  electron's 
energy  Is  often  expressed  In  units  called  electron-volts  (ev). 

For  exanple.  If  an  electron  traverses  a  potential  difference  of 
1  V  In  an  accelerating  field.  It  gains  an  energy  of  1  ev. 

Solving  Equation  (1-8)  for  v^^,  we  find  that 

(1-9) 

Substituting  the  numerical  value  of  the  ratio  of  the  charge 

e  17 

of  the  electron  to  Its  mass,  —  ■»  5. 275’ 10  '  absolute  electrostatic 
units.  In  Equation  (1-9),  and  expressing  the  potential  difference 
TT^  In  volts  (1  V  >  liSOOr^absolutfi  electrostatic  unit),  we  obtain  the 
familiar  equation  by  which  the  velocity  of  an  electron  which  passes 
through  a  potentled  difference  may  be  determined  if  its  initial 
velocity  was  zero: 

0.  =  /2;5.275  600- 10* [ om/seo ] 

or,  expressing  in  km/seo: 


[km/seo] 


(1-10) 


In  this  way,  knowing  the  potential  difference  traversed  by 
the  electron,  we  can  easily  calculate  the  velocity  of  the  electron 
by  Formula  (l-lO)  If  Its  Initial  velocity  Vq  *=  0. 

1-3.  BUICTRONS  IN  OONDaCTORS,  SKCONSaCTORS  AND  DIELECTRICS. 

As  we  know,  solids  are  called  conductors,  semiconductors  or 
dielectrics  according  to  their  ability  to  conduct  electric  current. 
IMS  division  Is  soBMtdiat  arbitrary,  since  there  Is  no  definite 
boundary  between  conductors,  semiconductors  and  dielectrics. 

Those  substances  which  conduct  practically  no  electric  current 
at  normal  temperature  even  If  their  atoms  have  large  numbers  of 
dlectrons  are  called  dielectrics.  The  electrical  conductivity  of 
dielectrics  usually  does  not  exceed  10“^®  ohm”^  •  cm“^.  Glass,  mica, 
paraffin,  alundum  (alumlntun  oxide  AlgO^)#  and  a  number  of  other  sub¬ 
stances  are  classed  as  dielectrics. 

Metals  and  their  alloys  are  classed  as  conductors.  The  elec¬ 
trical  conductivity  of  conductors  Is  approximately 
10^  -  10^  ohm“^*om“^. 

Semiconductors  take  an  Intermediate  position  between  conductors 
and  dielectrics  as  regaz*ds  their  electrical  conductivity;  their 
electrical  conductivities  vary  from  10^  to  10“^®  ohm"^*  cm*"^. 
Graphite,  selenium,  silicon  and  many  oxides  Eire  typical  semi¬ 
conductors. 

In  Section  1-2  we  considered  the  possible  energy  states  of  an 
Isolated  atom.  In  practice,  however,  we  deal  with  the  energy  states 
of  electrons  In  solids,  in  wMch,  as  a  result  of  Interaction  of  the 
atOBis,  the  energy  levels  of  the  Isolated  atom  are  replaced  by  other, 
different  energy  levels — ttw  energy  levels  of  the  system  of  atoms 
as  a  whole.  Here,  as  In  the  case  of  an  Isolated  atom,  the  electrons 
of  the  solid  may  occupy  only  fully  determined  energy  levels  In 

-  16  - 


aoQordanoe  with  quantma  theory;  they  cannot  occupy  the  Intermediate 
energy  levels.  For  this  reason,  transitions  of  electrons  from 
certedn  energy  levels  to  others  occur  "Jumpwlse. "  The  number  of 
possible  energy  levels  In  a  solid  Is  considerably  greater  than  the 
number  of  electrons.  For  this  reason,  the  electrons  have  greater 
freedom  of  movement  In  an  interatomic  space  than  within  an  Isolated 
atom. 

Ihe  energy  state  of  a  solid  Is  conventionally  represented 
graphically  as  shown  In  Fig.  1-9.  Energy  values  expressed  In  elec¬ 
tron-volts  are  plotted  vertically,  while  the  energy  levels  appear  In 
the  form  of  dashes  which  occur  at  definite  distances  from  each  other 
In  accordance  with  the  energy  differences  between  the  levels.  Energy 
levels  that  are  close  to  each  other  combine  to  form  bands  or  zones. 

In  this  way,  the  energy  state  of  the  electrons  Is  determined  by 
their  position  in  the  energy  band.  Here  we  are  not  referring  to  their 
geometrical  situation  In  the  [solid]  body,  since  the  electrons  of  an 
energy  band  are  really  distributed  throughout  the  volume  of  the  solid. 

In  explaining  the  conductivity  of  bodies,  the  contemporary 
electron  theory  considers  three  energy  bands  present  In  any  body: 
the  normal  band,  which  Is  also  called  the  filled  or  valence  band, 
the  conduction  band  (band  of  excitation)  and  the  forbidden  band 
(band  of  forbidden  levels). 

Ihe  normal  band  and  the  conduction  band  exist  In  all  bodies. 
Between  the  normal  band  and  the  conduction  band  lies  the  forbidden 
band.  The  wldthAwof  the  forbidden  band  (Fig.  1-9)  may  differ  In 
different  bodies;  the  forbidden  band  Is  completely  nonexistent  ^n 
some  bodies. 
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1t9>  Sohematlo 
representation  of  the 
energy  levels  of  a  body* 

Ihe  above  energy  bands  make  It  easy  to  explain  the  electrical 
properties  of  solids  and  their  classification  as  conductors,  seal- 
conductors,  and  dielectrics.  Actually,  a  body  will  conduct  an 
electric  current  if  Its  electrons  can  be  displaced  under  the  In¬ 
fluence  of  an  external  electric  field,  l.e, ,  can  undergo  energy 
changes.  IMS  Is  possible  In  the  presence  of  free  energy  levels 
near  occupied  levels.  If  the  forbidden  band  Is  completely  absent 
from  a  given  body,  then  the  nomal  band  Is  Immediately  adjacent  to 
the  conduction  band  (KLg.  1-lOa)  or  may  even  partially  overlap  It 
(n.g.  1-lOb)  and  the  valance  electrons  of  the  normal  band  appear  In 


^ 


Fig.  1-10.  Relative  eun?angement  of  t 
energy  bands,  l)  a  -  a;  2}  d*  -  b; 

3)  h  -  o;  4)  e  =  d. 

the  conduction  band,  l.e.,  may  participate  In  the  process  of  con¬ 
duction.  In  this  case  the  body  Is  a  conductor  of -electric  current. 
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When  all  three  energy  bands  exist  In  a  body^  the  electrical 
properties  of  the  body  vflll  depend  upon  the  width  of  the  forbidden 
band,  vrtilch  determines  the  freedom  of  movement  (possibility  of 
energy  changes)  of  the  electrons.  If  the  width  of  the  forbidden 
band  is  small  (KLg.  l-lOc),  then  external  disturbances  can  easily 
transfer  the  electrons  from  the  normal  band  to  the  conduction 
band.  The  greater  the  external  disturbance,  the  greater  the  number 
of  electrons  that  will  pass  to  the  conduction  band.  Such  a  body 
is  a  semiconductor;  its  conductivity  is  unstable,  since  it  varies 
widely  with  changes  in  external  conditions.  For  exan^]^le,  an  in¬ 
crease  in  temperature  always  causes  a  sharp  increase  in  the  con¬ 
ductivity  of  a  semiconductor. 

If,  however,  the  width  of  the  forbidden  band  is  great 
(Pig.  1-lOd),  the  electrons  cannot  move  f3?om  the  normal  band  to 
the  conduction  band,  even  under  very  strong  external  disturbances. 
Such  a  body  is  incapable  of  conducting  an  electric  current  and  is 
called  a  dielectric. 

Ihe  width  of  the  forbidden  band  in  dielectrics  is  very  great 
and  in  some  Instances  reaches  15  ev.  For  this  reason,  the  freedom 
of  movement  of  electrons  in  dielectrics  is  very  limited.  Because  of 
this  there  are  no  electrons  in  the  conduction  band  of  a  dielectric 
at  absolute  zero;  a  very  small  number  of  the  valence  electrons  of 
the  dielectric  acquire  increased  energies  at  room  teBg>erature  be¬ 
cause  of  the  thezmal  agitation  of  the  ions  of  the  crystal  lattice 
and  pass  from  the  nomuil  band  to  the  conduction  band.  But  this  does 
not  cause  a  substantial  increase  in  the  conductivity  of  the  di¬ 
electric. 

The  width  of  the  forbidden  band  is  much  smaller  in  semicon¬ 
ductors  than  in  dielectrics.  Oius,  for  exs^ple,  it  is  1»11  ev  in 
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silicon  and  0.72  ev  In  germanium.  For  this  reason,  the  conductiv¬ 
ity  of  semiconductors  is  considerably  greater  than  that  of  dielec¬ 
trics. 

Ihe  width  of  the  forbidden  band  can  be  made  smaller  artificial¬ 
ly  by  introducing  a  small  amount  of  another  material  (an  lji?)urlty) 
into  the  body.  In  this  case,  the  energy  levels  of  the  impurity  may 
fall  between  the  nonnal  band  and  the  conduction  band,  forming  an 
additional  band  of  width  Aw*  in  the  band  of  forbidden  levels 
(Pig.  1-9)/  and  the  actual  width  Aw  of  the  forbidden  bemd  becomes 
smaller,  since  now  the  electrons  will  transfer  to  the  conduction 
band  not  from  the  nonnal  band,  but  from  the  band  created  by  the  im¬ 
purity.  For  this  reason,  the  actual  width  Aw''of  the  forbidden  band 
(Pig.  1-9)  decreases  and  may  have  a  value  of  the  order  of  0.05  ev. 
Injection  of  in^uidties  may  markedly  Inorease  even  the  conductivity 
of  a  dielectric. 

Ihus  the  distinction  between  conductors,  semioonduotors,  and 
dielectrics  is  detennlned  not  by  the  fact  that  the  electrons  are 
attached  to  the  atoms  more  loosely  in  the  conductor  than  in  the 
semiconductor  or  the  dielectric,  bpt  by  the  fact  that  the  possi¬ 
bility  of  changes  in  their  energy  is  very  limited  in  the  semicon¬ 
ductor  and  the  dielectric. 

1-6.  VELOCITY  AND  ENEROY  DISTRIBUTIONS  OF  ELECTRONS  IN  CONDUCTORS. 

In  the  absence  of  an  external  electric  field,  free  electrons 
in  conductors  move  in  the  spaces  between  the  ions  of  the  crystal 
lattice,  in  all  possible  dlrmctions  euid  with  different  velocities, 
like  the  molecules  of  a  gas.  However,  the  propeirties  of  an  ordinary 
gas  and  those  of  the  electron  gM  filling  the  conductor  differ. 
Aotually,  the  molecules  and  atoms  of  an  ordinary  gas  asm  electrical¬ 
ly  neutral  and  their  chaotic  movements  occur  in  free  space.  Hie 


electron  gas  differs  from  the  oi^dlnary  gas  further  In  that  the 
electrons  are  not  neutraU.  but  negative  electric  charges;  they  move 
not  In  free  space  but  In  a  space  filled  with  the  positive  Ions  which 
oonstltute  the  crystal  lattice  of  the  conductor.  For  this  reason  the 
nature  of  the  movements  of  the  electrons  In  a  conductor  differ 
essentially  from  the  nature  of  the  Mvements  of  the  moleotiles  and 
atoflUB  of  an  ordinary  gas. 

Contemporary  electron  theory  has  established  that  the  velocity 
distribution  of  the  free  electrons  In  a  conductor  ls*:SubJeot  not 
to  the  law  of  molecular  distribution  of  an  ordinary  gas,  but  to  the 
laws  of  quantum  statistics,  according  to  which  the  electrons  In 
the  conductor  hate  fully  determined  velocities  even  at  absolute 
zero*  Such  a  distribution  Is  represented  by  cui»ve  1  In  Pig.  1-11, 
from  which  It  follows  that  the  greatest  number  of  free  electrons 
of  a  conductor  have  the  highest  velocity  at  absolute  zero.  At 
the  teII^}erat^lre  of  absolute  zero,  a  conductor  has  no  electrons  irt^ose 
velocities  exceed  the  velocity  v^.  The  number  of  electrons  having 
velocities  lower  than  v^,  however,  diminishes  with  declining  veloc¬ 
ity.  When  a  conductor  Is  heated,  the  velocity  distribution  of  the 
electrons  Is  dlstux^ied;  the  numiber  “^f  electrons  whose  velocities 
are  equal  to  or  soaiewhat  less  than  ae  maxlnuB  velocity  v^  decreases 
(region  abc),  and  Instead  of  these  electrons,  others  whose  veloc¬ 
ities  are  somewhat  greater  than  the  velocity  v^  (region  dee)  «q>pear. 
Indicating  only  the  velocity  redistribution  of  a  few  of  the  elec¬ 
trons;  the  velocities  of  the  major  part  of  the  electrons,  however, 
do  not  change  (segment  Oa). 
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Pig.  11-1.  Curves  of  velocity 
distribution  of  the  free 
electrons  In  conductor  at 
0  and  1500°  K. 


Pig.  1-12.  Curves  of 
energy  distribution  of  free 
electrons  In  conductor  at 
0  and  1500°  K. 


Uie  general  appearance  of  the  velocity-distribution  curve  of  the 
electrons  at  T  =  1500°  K  In  the  segment  about  the  velocity  Is 
Indicated  In  Pig.  1-11  by  a  broken  line  (curve  2). 

The  energy  distribution  of  free  electrons  In  a  conductor  Is 
similar  to  the  velocity  distribution  described  above  (Pig.  1-12), 
curves  1  and  2).  The  greatest  nuinber  of  a  conductor's  electrons 
have  the  highest  energies  at  the  teii?)erature  of  absolute  zero. 

The  rest  of  the  electrons  have  eiiergles  smaller  than  the  enea?gy  w^. 
Heating  the  conductor  will,  as  In  the  case  of  the  velocity  dis¬ 
tribution  of  the  electrons,  bring  about  only  an  energy  redistribu¬ 
tion  of  a  small  numiber  of  the  electrons  t  on  the  one  hand,  a  small 
number  of  electrons  whose  energies  az*e  slightly  greater  than  the 
energy  Vf^  will  appear,  and  on  the  other,  the  nusiber  of  electrons 
irtiose  energies  are  equal  to  or  someiihat  smaller  than  the  energy 
will  diminish. 

The  shape  of  the  energy  distribution  curve  of  the  electrons  of 
a  heated  conductor  Is  Indicated  by  a  broken  line  In  segment  abc  In 
Pig.  1-12.  The  energy  distribution  of  elections  In  the  Interval  from 
0  to  W'  remains  imchanged  for  both  the  cold  and  the  heated  conductor. 
Por  this  reason^  the  curves  of  distribution  coincide  In  segment  0^. 
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For  this  reason,  there  are  more  electrons  having  the  greatest 
energy  In  the  cold  than  In  the  heated  conductor.  The  heated  con¬ 
ductor,  however,  has  a  few  electrons  with  energies  exceeding  the 
energy  (from  to  W”).  At  the  tenqperature  of  absolute  zero, 
there  are  no  electrons  In  the  conductor  with  such  energies. 

The  values  of  the  greatest  energy  differ  In  different  con¬ 
ductors,  and  are  thus  chsiracterlstlo  quantities  for  them. 

1-7.  THE  ELECTRON  WORK  FUNCTION. 

We  ascertained  In  Section  1-6  that  the  greatest  number  of  free 
electrons  In  the  conductor  have  the  greatest  energy  W^  at  the  ten^jer- 
ature  of  absolute  zero.  Electrons  poasesslng  such  energies  do  not, 
however,  leave  the  conductor.  Practically  no  passage  of  electrons 
from  the  conductor  to  a  vacuum  can  be  observed  even  at  room  ten?)er- 
ature  (293°  K),  at  which  a  certain  ntunber  of  electrons  have  energies 
slightly  greater  than  the  energy  W^^.  Hils  is  accounted  for  primarily 
by  the  fact  that  when  some  of  the  electrons  leave  the  conductor, 
they  lose  their  energies  conpletely  and  accumulate  on  the  surface 
of  the  conductor,  forming  with  the  positively  charged  conductor  an 
electric  double  layer  whose  field  Is  directed  from  the  conductor 
toward  the  layer  of  electrons  (Fig.  1-13).  Such  a  field  Is  a  re- 
tax^llng  field  for  electrons  passing  out  of  the  conductor;  It  acts 
upon  them  with  a  force  F^  directed  to  the  conductor. 

Theoretical  calculations,  which  have  been  confirmed  by  eoqperl- 
ment,  show  that  the  potential  gradient  In  the  electric  double  layer 
must  be  equal  to  U  «  W^/e.  Electrons  having  an  energy  of  W^  In  the 
conductor  cannot  leave  the  conductor  because  this  energy  Is  ooiq;»lete- 
ly  lost  In  crossing  the  retarding  potential  difference  of  the 
electric  double  layer  (W^  =  eU).  For  this  reason,  only  those 
electrons  whose  energy  Is  sufficient  to  overoosw  the  retarding 
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aotlon  of  this  field  can  leave  the  conductor. 

In  the  second  place,  the  electrons  which  pass  from  the  con¬ 
ductor  to  the  vacuxim  induce  cheirges  of  the  opposite  sign  in  the 
conductor;  am  electric  force  of  mutual  attraction  Pg  (force  of 
electric  reflection)  acts  between  the  electrons  and  the  Induced 
positive  charge;  it  is  directed  toward  the  conductor  and  conse¬ 
quently  hinders  further  movement  of  the  electrons  from  the  oonduc*- 
tor  into- the vsacuum  (Pig.  1-44.). 


Pig.  1^13.  Sleotrio  double 
layer  on  surface  of  con¬ 
ductor. 

1)  Metal. 


Pig.  1-14.  An  electron 
that  has  left  the  con¬ 
ductor  induces  in  the 
conductor  a  charge  of 
the  opposite  sign. 

1)  Metal. 


In  order  to  overcome  these  forces,  the  electrons  must  possess 
energies  greater  than  the  greatest  energy  they  may  possess  in  the 
conductor  at  a  teng)erature  close  to  absolute  zero. 

Let  us  assume  for  purposes  of  simplification  that  a  certain 
resultant  force  acts  upon  the  electron,  tending  to  hold  it  back  in 
the  conductor.  Olie  electron  must  obviously  do  a  certain  work  in 
order  to  overcome  this  force  and  leave  the  conductor.  Since  an 
electrostatic  force  is  acting  in  tills  case,  the  recession  of  an 
electron  that  has  left  the  surface  of  the  conductor  to  a  correspond¬ 
ing  distance  from  it  may  be  cosgiared  to  the  passage  of  an  electron 
through  a  certain  retarding  potential  difference  between  the  point 
of  exit  from  the  conductor  and  the  point  where  the  force  is  prao- 
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tlcally  equal  to  zero.  Let  us  denote  this  potential  difference  by 
■nien  the  work  Wq  which  the  electron  carries  out  In  passing  ' 
through  the  potential  difference  may  be  expressed  as  the  product  2  ~ 
of  the  electronic  charge  and  this  potential  difference  1  Wq  =  e<pQ.  ^ 

An  electron  possessing  an  Inherent  greatest  energy  W^  In  the 
conductor  can  obviously  leave  the  conductor  only  provided  that  an 
additional  energy  no  smaller  than  e^Q  Is  transmitted  to  It  from  wlth-4  ~ 
out.  This  smallest  additional  energy  plus  the  greatest  energy 
idilch  the  electron  may  possess  Inside  the  conductor  Is  the  full 
minimum  electron  energy  W.  for  departitre  from  the  conductor: 

cl 

1  4- 

Thie  smallest  energy  e^Q  which  the  electron  must  receive  from  ‘  ~ 
without  In  order  to  do  work  against  the  forces  holding  It  In  the 
conductor  and  pass  outside  the  conductor  may  be  determined  from  the 
above  equality: 

®fo  -  "a  -  "l-  ■ 

Hie  smallest  additional  energy  e^Q  that  must  be  eaqiended  In  7  " 
order  the  remove  a  single  electron  from  a  conductor  Into  a  vacuum  Is 
called  the  "effective  electron  work  function”  or  singly  "work  func- 
tlon^ "  while  the  full  minimum  energy  W_  of  an  electron  Is  the  full 
total  work  function,  which  Indicates  that  If  an  electron's  energy 
In  the  conductor  were  zero  at  absolute  zero.  It  would  be  necessary 
to  transmit  to  this  electron  not  only  the  energy  e^  but  also  the 
energy  In  oz>der  to  discharge  It  from  the  conductor. 

Thus,  an  electron  crosses  a  retarding  potential  difference  in 
passing  from  a  conductor  to  a  vacuum,  with  the  result  that  Its 
kinetic  energy  diminishes.  Converaely,  In  passing  from  a  vacxnim  In¬ 
to  a  conductor.  It  passes  an  accelerating  potential  dlfferense  and 
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Its  kinetic  energy  Increases. 

Since  an  electron  passes  a  retarding  potential  difference 
when  leaving  a  conductor.  It  Is  customary  to  say  that  a  more  or 
less  sharp  potential  change  occurs  at  the  boundary  between  the  con¬ 
ductor  and  the  vacuum,  presenting  a  barrier  or  a  kind  of  (potential) 
threshold,  whose  height  corresponds  to  the  total  work  function  W. 

GL 

of  the  electron,  to  the  electron  leaving  the  conductor. 

Die  cujrve  of  potential  variation  close  to  the  surface  of  a 
conductor  la  presented  In  RLg.  I-I5.  T5ie  potential  ^  Is  plotted 
against  the  Y-axls,  which  coincides  with  the  surface  of  the  conduCT 
tor,  while  the  X-axls  la  perpendicular  to  surface  of  the  conductor, 
nie  curve  shows  that  the  potential  undergoes  the  sharpest  change 
(Jtimp)  In  the  Immediate  vicinity  of  the  conductor  surface. 

Ihe  passage  of  electrons  out  of  a  conductor  is  similar  to  the 
evaporation  of  a  liquid  and  the  electron  work  function  to  the 
latent  heat  of  evaporation  of  the  molecules  of  a  liquid;  here,  like 
the  process  of  molecular  evaporation  from  a  liquid,  the  process  of 
electron  "evaporation"  from  a  conductor  Is  accompauiled  by  cooling 
of  the  conductor  as  a  result  of  the  ceurrylng  away  of  energy  by  the 
’Vaporized"  electrons. 

Ihe  value  of  the  woi^  function  Is  different  In  different  con¬ 
ductors;  It  Is  a  oharacterllitlo  quantity  for  each  conductor 
(Ohble  1-1). 

However,  the  work  function  Is  constant  even  for  a  given  con¬ 
ductor  only  provided  that  the  surface  of  the  conductor  Is  complete¬ 
ly  clean.  If  even  a  small  amount  of  contamination  Is  Intro, duced, 
the  work  function  changes  siiarply.  Dius  It  has  been  established, 
for  example,  that  If  a  sufficiently  thin  layer  of  an  alkali-  or 
alkaline -eairth  metal  (Om,  Hi,  Ba,  etc. )  Is  applied  to  the  surface 
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of  a  conductor,  the  work  function  drops  noticeably.  The  reason  for 


the  decline  In  the  work  function  Is  that  atoms  of,  for  example. 


cesium  that  are  situated  on  the  surface  can  easily  donate  their 
valence  electrons  to  the  conductor.  The  result  la  that  a  layer  of 
positive  cesium  Ions  fomui  on  the  stirfaoe  of  the  conductor,  oon- 
trlbutlng  to  a  decline  In  the  work  function  (n.g.  l-l6a). 

TJOSJt  1-1. 


n.iaTHHa 
JKcaeao  . 
Hiixeab  . 

Ptyn  .  . 
VfaepoM 
M«b  .  . 
lA.iioMmaf 


5,32  MoaH6j 
4,72  TaHTaai 
4,60  MaruHt 
4,60  TopHfti 
4,52  KaJibuai 
4,38  CrpoHuj 
4,26  BapHtl 
4,23  UesMij 


l)  Metal j  2)  Wpx4c  function,  ev;  3)  Platinum; 

4)  Iron;  5)  Nickel;  6)'. Tungsten;  7)  Mercury; 

8)  ’Carbon;'' 9)  Copper;  10)  Aluminum;  11)  Ifolybdenum; 
12)  Tantalum;  13TMh*iw«lw  l4)  Biorlum; 

15)  Calcium;  16)  Strontium;  17 )  Barium;  16)  Ceslumu 


The  atoms  which  change  Into  positive  or  negative  Ions  on  the 
surface  of  the  conductor  are  called  electropositive  or  electro¬ 
negative  relative  to  the  conductor,  respectively.  The  presence  of 
electronegative  atoms  on  the  surface  of  the  conductor  Inhibits  the 
exit  of  electrons  and,  consequently.  Increases  the  woz4c  function 
(Fig.  1-I6b). 

The  greatest  decline  In  the  work  function  Is  achieved  when 
sufficiently  thin  monatomic  layers  are  applied  to  the  surfaee  of  / 


the  conductor. 


The  woxk  function  increases  as  the  thickness  of  the  layer  In¬ 
creases  and  with  sufficiently  thick  layers  It  reaches  Its  highest 
value,  which  cozTesponds .  to  the  work  function  of  the  metal  of 
which  the  layer  Is  ooivosed.  For  exssiple,  the  work  fhnotlon  of 


pure  tungsten  Is  4.6o  ev  and  that  of  pure  thoid.uin  Is  3.35  ev. 
Nhen  a  monatomic  layer  of  thorium  Is  e4>plled  to  the  surface  of 


Elg.  1-15.  Potential  Fig.  I-I6.  Electroposl- 

threshold  at  boundary  tlve  and  electronegative 

between  conductor  and  atoms  form  positively  (a) 

vacuum.  and  negatively  (b)  charged 

layers  on  the  surface  of  a 
conductor. 

1)  Base  metal. 

tungsten,  the  work  function  drops  to  2.63  ev.  If  the  thickness  of 
the  thorium  layer  Is  Increased,  however,  the  work  function  begins 
to  rise  and  reaches,  at  a  certain  thickness,  the  value  of  3*35  ev 
which  corresponds  to  pure  thorium.  The  work  function  remains  un^ 
changed  with  further  Increases  In  the  thickness  of  the  thorium 
layer. 

1-8.  CONTACT  POTENTIAL  DIFFERENCE. 

Let  us  consider  the  processes  occurring  at  the  contact 
boundary  between  two  different  conductors.  Let  conductors  A  and  B 
have  a  common  surface  of  contact  ab  (Fig.  I-I7)  and  free  (not  con¬ 
tacting)  surfaces  cd  (on  conductor  A)  and  ek  (on  conductor  B).  A 
certain  number  of  free  electrons  moving  In  the  conductors  A  and  B 
with  velocities  directed  toward  the  contact  surface  between  the 
conductors  may.  In  the  presence  of  electrical  contact  between  the 
conductors,  pass  through  the  contact  surface  from  conductor  A  to 
conductor  B  as  well  as  from  conductor  B  to  conductor  A.  If  the  wox4c 
functions  of  the  conductors  are  the  same,  the  nualber  of  electrons 


pasBlng  throTigh  the  surface  from  conductor  A  to  conductor  B  will  be 
equal  to  the  number  of  electrons  passing  from  conductor  B  to  con¬ 
ductor  A,  If  the  work  function  of  conductor  A  Is  smaller  than 
the  work  function  of  conductor  B,  the  free  electrons  of  conductor 
A  will  pass  to  conductor  B  In  greater  numbers.  Only  those  electrons 
which  happen  to  possess  the  greatest  velocities  will  pass  In  the 
opposite  direction,  from  conductor  B  to  conductor  A.  For  this 
reason,  electrons  will  pass  through  the  contact  surface  predominant¬ 
ly  In  one  direction,  l.e.,  from  conductor  A  to  conductor  B. 

When  an  electron  leaves  conductor 


Fig.  I-I7.  Illustretlng 
definition  of  contact  po¬ 
tential  difference. 


A,  It  must  cross  a  certain  retarding 
potential  dlffer-ence  l.e.,  must 
do  a  work  at  the  expense  of  Its 
kinetic  energy.  Ihe  electron  gives 
this  energy  up  to  the  electric  field 
of  conductor  A.  As  a  result,  conductor 
A  will  become  positively  charged  and  f 


Its  potential  will  Increase.  Upon  entering  conductor  B,  this  elec¬ 
tron,  which  Is  now  moving  In  an  accelerating  field,  will  cross  a 
certain  potential  difference greater  than  and  Its  kinetic 
energy  will  Increase  at  the  expense  of  work  done  by  the  electric 
field  of  conductor  B  In  displacing  It.  As  a  result,  conductor  B 
will  become  negatively  charged  and  Its  potential  will  decline. 
Obviously,  the  greater  the  nuaiber  of  free  electrons  passing  through 
the  surface  of  contact  from  conductor  A  to  conductor  B,  the  higher 
will  the  potential  of  conductor  A  become  and  the  lower  will  be  the 
potential  of  conductor  B,  irtille  a  certain  potential  difference  will 


be  established  between  the  free  surfaces  cd  and  ek.  When  a  state  of 


electrical  equilibrium.  In  which  as  many  electrons  pass  from  con¬ 
ductor  A  to  conductor  B  as  pass  In  the  opposite  direction,  has  been 
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reached,  the  electric  current  ceases  to  flow  through  the  contact 
surface  of  the  conductors  and  the  potentials  of  conductors  A  and  B 
reach  the  highest  and  lowest  values,  respectively. 

Here,  as  a  result  of  the  redistribution  of  energy  between  the 
electric  fields  of  conductors  A  and  B,  a  potential  difference 
Is  created  between  their  free  surfaces.  Since  an  electron  gives  up 
a  smaller  energy  to  the  field  as  It  leaves  conductor  A  and  re¬ 
ceives  a  larger  energy  e^  from  the  field  as  It  enters  conductor  B, 
the  iresult  Is  that  It  receives  the  energy  difference 

I  (1-11) 

from  the  field. 

Ihe  potential  difference (jf^,  which  reaches  Its  maxlmiun  value 
at  eqiillibrlum,  can  be' determined  directly  from  Equation  (l-^ll): 

=  (1-12) 

Uie  quantity  which  la  also  denoted  by  or  Is 

known  as  the  contact  potential  difference  arising  between  the  free 
surfaces  of  two  different-^ conductors  upon  contact.  Since  the  quan¬ 
tities  and  B'are  the  work  functions  of  the  oondueters  e3q)ressed 
In  equivalent  volte.  Equation  (1-12)  gives  a  direct  relationship 
between  the  work  functions  of  the  conductors  and  the  contact  po¬ 
tential  difference.  Indicating  that  the  contact  potential  difference 
Is  equal  to  the  difference  between  the  work  functions  of  the  contact¬ 
ing  conductors. 


*  ^  ik  “  ^kontaktnaya  “  ^contact 

**  “  \ontaktnaya  * **  ^contact 
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since  the  total  contact  potential  difference  Is  established 
on  arrival  at  electrical  eqtilllbrlum,  at  which. therelectrlc. cur-  - 
rent  flowing  through  the  contact  surface  declines  to  zero.  It 
follows  that  If  the  free  surfaces  are  Joined  by  a  new  conductor,  the 
electrical  equilibrium  will  not  be  disturbed  and  no  current  will  I  ?. 
flow  through  the  connecting  conductor,  despite  the  fact  that  there 
la  a  potential  difference  between  the  free  surfaces.  For  this  rea¬ 
son,  the  contact  potential  difference  cannot  be  measured  with  an 
ordinary  voltmeter,  which  works  when  weak  cui*rents  pass  through  It. 
Thus  the  contact  potential  difference  Is  not  an  emf  and  consequent¬ 
ly  cannot  be  used  to  generate  a  current,  although  the  electric 
field  between  the  free  surfaces  of  the  metals  will  act  with  a  ^ 
force  P  =  qE  upon  a  charge  q  Introduced  Into  It  from  without  and 
cause  It  to  move  In  the  direction  of  the  forces,  which  depends  on 
the  sign  of  the  charge  q. 

In  many  electron  tubes,  the  contact  potential  difference  be¬ 
tween  the  electrodes  does  not  exceed  0.  Iv.  In  some  cases,  however. 

It  may  reach  3*5  v. 

It  would  be  possible  to  take  the  Influence  of  the  contact  po¬ 
tential  difference  Into  account  In  designing  electronic  devices  If 
Its  magnitude  did  not  change  with  time.  Unfortunately,  such  edlow- 
ances  are  not  always  possible,  since  the  quantity varies  not  only 
In  the  various  production  operations  Involved  In  manufacturing  the 
tubes,  but  also  during  actual  operation  of  the  txibes,  when  the 
electrode  work  function  diminishes  progressively  under  the  Incidence 
of  active  atoms  from  the  cathode  and  brings  about  a  oorregpondlng 
change  In  the  contact  potential  difference. 


Chapter  T»fo 

THE  ELEMENTS  OP  ELECTRON  OPTICS 


2-1.  THE  MOTION  OP  AN  ELECTRON  IN  A  HOMOCENEOUS  ELECTRIC  PIELD^ 

An  electron  In  an  electric  field,  like  any  electric  charge.  Is 
acted  upon  by  a  force  that  causes  a  change  In  Its  motion.  The 
Blnplest  case  of  this  la  the  motion  of  an  electron  In  a  homogene¬ 
ous  electric  field  —  l.e. ,  a  field  whose  Intensity  Is  of  the  same 
magnitude  and  direction  at  every  point.  Such  a  field  can  be  set  up 
by  two  parallel  planes  (of  sufficiently  great  extent  so  that  the 
curvatoire  of  the  field  at  the  edges  may  be  neglected),  between 
which  there  Is  a  potential  difference. 

Let  us  suppose  that  an  electron  enters  a  homogeneous  field  of 
Intensity  E,  and  that  the  electron  has  an  Initial  velocity  Vq, 
whose  direction  makes  an  arbitrary  angle  with  the  dlz^ectlon  of  the 
field.  Let  us  select  a  rectilinear  coordinate  system  with  Its 
origin  at  the  point  where  the  electron  enters  the  field.  Ltet  us 
choose  the  positive  direction  of  the  Y  axis  opposite  to  the  direc¬ 
tion  of  the  field,  and  let  us  direct  the  X  axis  perpendicular  to 
the  field  as  shown  In  Pig.  2-1. 

Hie  Initial  velocity  of  the  electron  may  be  resolved  Into  two 
ooflQ}onents  directed  along  the  X  axis  and  the  Y  axis.  Let  us  denote 
these  components  by  Vq^  and  v^^  respeotlrely. 

The  electron  will  be  acted  upon  by  a  foz*oe  F  of  constant 
assnltude  In  the  positive  direction  of  the  T  aizlsi 


F=e£. 


(2-1) 


By  the  laws  of  Mechanics,  a  force  of  constant  magnitude  and 


direction  causes  a  uniforody  accelerated  motion  whose  acceleration 
Is  directly  proportional  to  the  magnitude  of  the  force  and  Inversely 


propo3?tlonal  to  the  maBB  of  the  body  to  which  the  force  Is 
applied.  Conaequently,  the  acceleration  of  the  electron  In  the 
direction  of  the  Y  axlB  aiay  be  expressed  by  the  equation 


Since  there  Is  no  change  of  potential  In  the  direction  of  the 
X  axis,  there  Is  no  force  acting  on  the  electron  In  this  direction, 
and  the  motion  of  the  electron  In  this  direction  Is  uniformly 
rectilinear  with  a  velocity  equal  to  v^^.  If  we  consider  the  mo¬ 
tion  of  the  electron  In  both  directions  Independently,  we  can  de¬ 
termine  the  path  that  has  been  traversed  In  a  time  _t.  Ohe  _y  co¬ 
ordinate  of  the  path  of  the  electron  is  determined  by  the  formula 
for  the  path  traversed  by  a  uniformly  accelerated  body  with  an 
Initial  velocity  of  VQyi 

'  +  (2-3) 

If  we  substitute  the  value  of  the  acceleration  obtained  from 
(2-2)  Into  this  expresalon,  we  obtain: 


(2-4) 


Ihe  X  coordinate  of  the  path  :he  electron  may  be  detezmlned 
from  the  formula  for  the  path  traversed  by  a  body  In  uniform 
rectilinear  motion  with  a  velocity  of  v^j^i 


(2-5) 


niuB,  the  electron  performs  two  motions  simultaneously:  a 
uniformly  rectilinear  motion  In  the  direction  of  the  X  axis  and  a 
imlfoxmly  variable  one  In  the  direction  of  the  T  axis.  The  orbital 
equation  of  the  resultant  motion  may  be  found  by  expressing  ^  as  a 
function  of  x  iislng  (2-5)  -*  l.e. ,  t  -  and^substltuting.  the 


expreBBion  for  jt  In  Bq.  (2-4)  i 


'  .  •'out  2/«o!, 


(2-6) 


Expression  (2-6)  is  the  ecpiatlon  of  a  parabola  of  the  type 
2 

y  =  px  +  qx.  Consequently,  the  path  of  the  motion  of  an  electron 
that  enters  a  homogeneous  electric  field  with  an  Initial  velocity 


of  Vq  is  a  parabola-  An  example  of  such  a  path  is  shown  in  Tig.  2-1. 


Mg.  2-1.  Motion  of  an 
electron  in  a  homogeneous 
electric  field  (initial 
velocity  of  electron  di¬ 
rected  at  an  angle  at  to 
the.  lines  of  fOTOe  Af  the 
field). 


Mg.  2-2.  Motion  of  an 
electron  in  a  homogeneous 
electric  field  (initial 
velocity  of  electron  di¬ 
rected  perpendicularly 
with  respect  to  the  lines 
of  force  of  the  field). 

1)  Vj,. 


When  it  leaves  the  field,  the  electron  will  move  rectlllnear- 
ly  along  the  tangent  to  the  parabola  at  the  point  where  the  field 
ceased  to  act  on  the  electron. 

In  practice,  one  often  has  to  deal  with  special  oases  of  the 
pz«oblem  discussed  above.  Tor  exaiig>le : 

1.  The  electron  enters  the  electric  field  with  an  initial 
velocity  that  is  pezpendioular  to  the  direction  of  the  field.  This 
case  may  be  expressed  by  the  relationships  Vq^^  »  Vq-  and  VQy  =  0. 

If  we  substitute  these  value SjfavclitaJitBomponents  of. the  initial 
velocity  into  Eq«  (2.«t6)«uVe  obtain i 


(2-7) 


In  this  case,  the  path  of  the  electron  is  also  a  parabola,  an 


example  of  which  Is  shown  In  Pig.  2-2.  If  we  know  the  Initial 
velocity  Vq  of  the  electron,  the  field  Intensity  E,  and  the  length 
of  the  path  In  the  direction  of  the  X  axis  L,  we  can  determine  at 
what  angle  with  respect  to  the  X  aols  the  electron  will  leave  the 
field  and  the  magnitude  of  the  velocity  of  the  electron  when  It 
has  left  the  field. 

Since  the  electron  Is  uniformly  accelerated  In  the  direction 
of  the  Y  axis,  we  can  find  the  velocity  of  the  electron  In  this 
direction  at  any  point  of  the  path  by  means  of  a  formula  known  from 
mechanics  I  v  =  yiaS,  where  3  Is  the  distance  traversed  by  the  body 
In  the  direction  of  the  accelerated  motion.  In  the  case  that  we 
are  considering,  the  distance  traversed  by  the  electron  In  the  di¬ 
rection  of  the  y  axis  Is  equal  to  the  Y  coordinate  of  the  electron 
at  X  =  L.  Consequently,  the  velocity  of  the  electron  In  the  direc¬ 
tion  of  the  Y  axis  at  the  moment  that  It  leaves  the  field  Is  equal 
tot 


v,=/2ay, 


1 


(2-8) 


where,  according  to  Eq.  (2-7)>jys:— 

I 

If  we  substitute  the  value  of  the  acceleration  obtained  from 
Bq.  (2-2),  we  havet 


2»ipJ 


(2-9) 


Hie  velocity  of  the  electron  in  the  direction  of  the  X  axis 
does  not  change  (remains  equal  to  v^).  Hms,  since  we  know  the 
magnitude  of  the  components  of  the  velocity  of  the  electron  at  the 
point  where  It  leaves  the  field,  we  can  deteimlne  the  direction  and 
magnitude  of  the  resultant  velocity! 
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■  =  (2-11) 

Conaequently,  ah  electron  that  enters  a  h<»nogeneous  electric 
field  at  an  Initial  velocity  perpendicular  to  the  field  Intensity, 
moving  along  a  parabola,  changes  both  the  direction  and  magnitude 
of  its  velocity. 

2.  The  electron  enters  a  homogeneous  field  at  an  initial 
velocity  directed  along  the  lines  of  force  of  the  field: 

VQy  ^  Vq;  Vq^  =  0.  Substituting  the  relationships  into  Eqs.  (2-4) 
and  (2-5),  we  obtain  the  equations  for  the  motion  of  the  electron 
in  the  field  according  to  the  coordinate  system  that  we  selected: 

i  ^=V+-||<’:*=0..  (2-12) 

As  is  evident  from  these  equations,  the  path  of  the  motion  of 
the  electron  Is  a  straight  line  coinciding  with  the  Y  blxIb  (there 
is  no  displacement  of  the  electron  in  the  direction  of  the  X  axis 
because  there  are  no  forces  acting  In  this  direction). 

If  the  initial  velocity  of  the  electron  is  directed  opposite¬ 
ly  to  the  direction  of  the  field  and,  consequently,  coincides  with 
the  direction  of  the  force  acting  on  the  electron,  the  electron 
will  be  uniformly  accelerated  by  the  Gujtlon  of  this  foi^ce.  But  if 
the  direction  of  the  initial  velocity  coincides  with  the  direction 
of  the  field,  the  electron  will  be  acted  upon  by  a  foi?oe  in  a 
direction  opposite  to  the  direction  of  its  motion;  and,  consequent¬ 
ly,  the  electron  will  be  decelerated,  therefore,  after  it  has 
traveled  a  certain  distance,  the  velocity  of  the  electron  will  be 

*  [tg  =  tan]. 

**  *  ^r  "  ^resul ' tiruyushchiy  "  ^  resultant]. 


zero,  nils  motion  la  deaorlbed  by  the  equations  for  uniformly  de¬ 
celerated  motion I 


l.e.4  =  0  and  «  0.  Then  Iqa.  (2-4)  and  (2-5)  will  read  as 

follows  1 


>  =  =  (2-15) 

These  equations  describe  a  uniformly  accelerated  motion  In 
the  direction  of  the  Y  axis  when  the  Initial  velocity  Is  equal  to 
zero. 


2-2.  THE  MOTION  OF  AN  ELECTRON  IN  NONHOMOaENEOTTS  ELECTRIC  FIELDS. 

ELECTROSTATIC  ELECTRON  LENSES. 

A  homogeneous  electric  field,  strictly  speaking,  can  be  cre¬ 
ated  between  flat.  Infinitely  large  plates,  the  lines  of  force  be¬ 
tween  which  can  be  considered  straight,  perpendicular  to  the  plates 
and  the  equlpotentlal  surfaces,  and  as  having  the  same  density  at 
all  points  of  the  field  (Fig.  2-3).  But  In  practice,  one  must 
deal  with  nonhomogeneous  fields.  Nonhomogeneous  fields  are  created 
between  various  kinds  of  curved  surfaces,  the  lines  of  force  be¬ 
tween  which  are  ctirved  and  have  different  density  at  different 
points  of  the  field.  The  equlpotentlal  surfaces  of  a  nonhomogeneous 
field  are  curved;  however,  the  lines  of  foz>oe  are  directed  along 
the  noxmal  to  the  equlpotentlal  surfaces  at  any  point  of  the  field 
(Fig.  2-4).  In  a  nonhoaogeneoviB  electric  field,  the  field  Intensity 
1  and  the  foree  F  acting  on  the  electron  change  both  In  magnitude 
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and  direction  when  the  electron  aoves  froai  point  to  point 


f 

- 

2 

- 

- 

- 

- 

1 1 1 

1 1 1 

I 

Fig.  2-3.  Die  lines 
of  force  (indicated 
by  arrows)  and  the 
equlpotentlal  sur¬ 
faces  (thin  lines) 
of  the  homogeneous 
electric  field  be¬ 
tween  parallel 
plates. 


Pig.  2-4.  Die  lines 
of  force  (indicated 
by  az^rows)  and  the 
equlpotentlal  sur¬ 
faces  (broken  lines) 
of  a  nonhoBDgeneous 
eleotrlo  field. 


Jig.  2-5.  Illus¬ 
tration  of  the 
concept  of  a  non- 
honogeneouB  plane 
field. 

1)  Lines  of  tovoe} 

2)  equlpotentlal 
surfaces;  3)  gen¬ 
erators. 


Ohe  slnQDlest  and  most  easy  to  analyze  case  of  a  nonhomogeneotui 
electric  field  Is  the  so-called  plane  field.  In  which  the  equlpo¬ 
tentlal  surfaces  themselves  are  curved,  but  their  generators  are 
mutually  peirallel  straight  lines  (Pig.  2-5).  Die  motion  of  elec¬ 
trons  In  nonhomogeneous  electric  fields  Is  generally  more  compli¬ 
cated  than  the  motion  In  homogeneous  fields;  however,  the  motion  of 
electrons  In  plane  nonhomogeneous  fields  may  be  described  compara¬ 
tively  easily.  Die  difficulties  that  arise  In  the  calculation  of 
the  path  of  the  motion  of  the  electron  occur  because  the  electron, 
which  has  an  Inertial  mass,  acquires  an  Initial  velocity  owing  to 
the  forces  acting  upon  It;  and  the  direction  of  -  ds  velocity 
diverges  from  that  of  the  lines  of  force  as  the  electron  moves 
through  the  field.  As  a  result,  the  calculation  of  the  path  of  the 
motion  of  the  electron  becomes  difficult. 

In  the  case  of  plane  nonhomogeneous  electric  fields,  an  elec¬ 
tron  whose  Initial  velocity  Vq  0  will  also  not  move  along  the 
lines  of  force  of  the  field;  but.  In  spite  of  this.  Its  motion  will 
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be  confined  to  one  plane  perpendicular  to  the  generators  of  the 
equlpotentlal  surfaces;  the  electron  cannot  move  from  one  plane  to 
another  during  the  course  of  Its  motion  since  the  Intensity  and  the 
potential  of  the  electric  field  do  not  change  In  the  direction  of 
the  generators;  consequently,  no  force  acts  upon  the  electron  In 
this  direction. 

Ohe  Bls^lest  case  of  a  nonhomogeneous  plane  field  Is  the 
electric  field  between  the  surfaces  of  sufficiently  long  coaxial 
(with  coincident  axes)  cylinders  (H.g.  2-6).  In  this  case,  the 
equlpotentlal  surfaces  are  also  cylindrical,  and  the  lines  of  force 
are  directed  along  the  radii  perpendicularly  to  the  surfaces  of  the 
cylinders.  Therefore,  the  density  of  the  lines  of  force  changes  In 
the  radial  direction  (in  this  direction,  the  field  Is  nonhomogene- 
ous)  and  remains  constant  In  the  direction  of  the  axle  or  any 
generator  of  the  cyllndid-cal  equlpotentlal  siu^faces  (in  this  direc¬ 
tion,  the  field  Is  homogeneous).  In  such  plane  fields,  the  nature 
of  the  potential  distribution  does  not  vary  when  passing  from  : 
one  cross  section  to  another.  Electrons  In  this  type  of  field 
will  move  In  the  radial  direction  In  an  accelerating  or  decelerat¬ 
ing  field,  depending  on  the  direction  of  the  lines  of  force  of  the 
field  and  the  Initial  velocity  of  the  electrons. 

Electrostatic  electron  lenses.  By  selecting  the  magnitude  and 
direction  of  the  Initial  velocity  of  the  electrons,  and  also  the 
magnitude  and  direction  of  the  Intensity  of  the  electric  field, 
the  direction  of  the  motion  of  the  electrons  may  be  varied  at  will  — 
l.e. ,  the  electrons  can  be  made  to  move  along  a  previously  calculated 
path.  Just  as  a  light  ray  can  be  made  to  change  Its  direction  by  se¬ 
lection  of  Ita  Initial  direction  and  the  oorreq;>ondlng  optical 


t<£Lti« 


A  sufficiently  narrow  stream  of  electrons  moving  In  one  di¬ 
rection  Is  called  an  electron  beam.  There  Is  a  close  analogy  be¬ 
tween  electron  beams  and  light  rays,  since  the  motion  of  the  elec¬ 
trons  of  a  beam  In  an  electrostatic  field  Is  similar  to  the  propa¬ 
gation  of  light  In  a  medium  with  a  continuously  varying  refractive 
Index.  Electron  beams,  like  light  rays,  can  be  reflected,  refract¬ 
ed,  and  focused.  This  Is  explained  by  the  fact  that  the  laws  that 
hold  for  optical  lenses  are  also  applicable  to  electrostatic 
lenses,  which  are  electric  fields  of  definite  configuration  that 
are  created  by  a  system  of  electrodes  with  various  potentials. 


an  electron  beam  passea  through  a  region  of  space  at  a  potential  of 
and  then  enters  a  region  of  space  at  a  potential  of  Ug,  the  elec¬ 
tron  will  xmdergo  refraction  at  the  Interface  of  the  regions.  Uhls 
refraction  Is  caused  by  the  fact  that^  when  the  electron  passes 
frtMi  the  region  at  the  lower  potential  Into  the  region  at  the  high¬ 
er  potential,  the  ooiq;>onent  of  the  velocity  perpendicular  to  the 
interface  of  the  regions  Increases;  while  the  con^jonent  directed 
along  the  nonnal  to  the  Interface  remains  constant  (fflg.  2-7b)> 
since  the  potential  along  the  normal  to  the  Interface  Is  constant. 
Ihus,  the  conponent  of  the  Initial  velocity  dl^*ected  along  the  normal 
to  the  Interface  Is  equal  to  the  final  velocity  —  l.e. , 

w,  s}n«,  =  »,sina,.  (2-17) 

Equation  (2-17),  which  expresses  the  law  for  the  refraction 
of  an  electron  beam.  Is  analogous  to  £q.  (2-l6),  which  expresses 
the  law  for  the  refraction  of  a  light  ray.  The  difference  consists 
In  the  fact  that  In  Eq.  (2-17)  the  velocities  of  the  electrons  v^ 
and  vg  taJce  the  place  of  the  refractive  Indices  n^  and  ng  that  enter 
Into  Eq.  (2-l6).  It  follows  from  this  that  em  electric  field  whose 
equlpotentlal  surfaces  are  similar  In  form  to  the  surfaces  of  an 
ordinary  optical  lens  will  have  the  effect  of  a  lens  on  an  elec¬ 
tron  beam.  It  Is  true  that  It  Is  Impossible  In  practice  to  create 
an  electron  lens  whose  equlpotentlal  siurfaces  will  be  an  accurate 
reproduction  of  the  ooz>re spending  optical  lens.  However,  electro¬ 
static  lenses  are  used  In  electron  optics  that  are  quite  suitable 
for  many  practical  applications. 

Wt  shall  consider  uomm  of  the  most  generally  iMed  electro¬ 
static  electron  lenses.  We  siie«ld  note  flrit  of  all  that  the 
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homogeneous  field  already  possesBes  Innate  focusing  properties. 
Indeed/  if  there  is  no  electric  field  between  pleme-parallel  elec- 
trodea,  electrons  emanating  from  any  point  on  the  negatively 
charged  electrode  (cathode)  move  in  radial  directions  emd  fall  upon 
the  whole  surface  of  the  positively  charged  electrode  (anode) 

(Fig.  2-8a).  But  if  a  homogeneous  electric  field  is  created  between 
these  eleotrodes/  the  path  of  the  electrons  becomes  ciurved.  As  a 


KLg.  2>^.  Fooxising  action 
of  a  hoatogeneous  electric 
field. 


/r  i®  4 


Fig.  2->9.  Hupse -electrode 
focusing  electrostatic 
lens. 


result/  a  cone-shaped  stream  of  electrons  is  formed  in  the  space 
between  the  electrodes  (FLg.  2-8b).  NOw  the  electrons  do  not  fall 
on  the  whole  surface  of  the  anode/  as  their  Initial  velocities 
cause  them  to  do  in  the  absence  of  a  field/  but  on  the  sxxrface  of 
a  comparatively  small  circle/  whose  radius  is  dependent  on  the 
magnitude  of  the  field  intensity  £uid  on  the  distance  between  the 
electrodes.  The  smaller  this  distance  and  the  larger  the  field  in¬ 
tensity/  the  smaller  will  be  the  radius  of  the  circle.  ThuS/  elec¬ 
trons  can  be  collected  into  a  stream  of  conical  fozm  under  the 
influence  of  a  homogeneous  electric  field  —  i.e. /  can  be  focused 
to  a  oex*taln  degree. 

The  three-electrode  system  is  a  better  electrostatic  lens; 
it  consists  of  a  cathode/  diaphragm  with  a  circular  aperture/  and 
an  anode/  all  positioned  parallel  to  each  other  (Fig.  2-9)*  If 
the  anode  is  positive  with  respect  to  the  cathode/  and  the  dia- 
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phragB  l0  negative  with  respect  to  the  cathode,  the  equlpotentlal 
tnirfaces  will  not  be  parallel  to  the  surfaces  of  the  dathode  and  the 
anode,  but  will  take  the  fonn  shown  In  Pig.  2-9.  The  electrons  that 
eisanate  from  point  C  of  the  cathode  will  move  toward  the  anode  tinder 
the  Influence  of  the  accelerating  field.  But  near  the  aperture  of 
the  dlaphragw,  the  directions  of  Increasing  potential  are  toward 
the  center  of  the  aperture,  emd  the  lines  of  force  of  the  electric 
field  are  directed  from  the  center  of  the  aperttire  to  the  edges  of 
the  diaphragm  (Pig.  2-10).  In  such  a  case,  the  forces  that  act  on 
the  electron  are  directed  toward  the  axis  of  the  lens;  and.  In 
this  direction,  the  field  will  accelerate  the  electrons,  tinder  the 
Influence  of  these  forces,  the  path  of  the  electrons  will  bend  toward 
the  axis  of  the  lens  and  will  land  on  the  anode  at  one  point.  Thus, 

In  the  case  considered,  the  diaphragm  acts  as  a  converging  (fociui- 
ing)  lens. 


Pig.  2-10.  Direction  of 
the  lines  of  foroe  of 
the  electric  field  of  a 
negative  diaphragm. 


Pig.  2-11.  Three -electrode 
eleotrestatlo  dlvexsing 
lens. 


If  the  potential  of  the  diaphragm  Is  positive  and  exceeds 
the  potential  of  the  surrounding  space,  the  eqiilpotentlal  surfaces 
sag,  as  It  were,  toward  the  anode.  Such  a  dli4>hragm  acts  as  a 
diverging  lens.  This  is  explained  by  the  fact  that,  in  the  region 
of  the  aperture,  the  direction  of  inoreasii^  potential  is  away 
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fWMil  the  apertiupe,  and  the  lines  of  force  are  directed  toward  the 
center  of  the  aperture  (Plg.  2-12).  Ctonsequently,  the  eleotrona  are 
acted  upon  hy  a  force  which  deflects  them  away  trom  the  axis  of 
the  lens,  nierefort,  the  paths  of  the  electrons  diverge  (Fig.  2-11). 


+ 


I 

Pig.  2-12.  Direction  of 
the  lines  of  force  of  the 
electric  field  of  a  posi¬ 
tive  diaphragm. 
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Fig.  2-13.  Electrostatic 
lens  with  an  accelerating 
field. 


Electrostatic  lenses  with  an  accelerating  field  are  very  often 
utilized  in  the  focusing  of  electron  beams.  These  lenses  consist  of 
two  diaphragms  and  Dq  and  a  cathode  K  (Fig.  2-13).  Diaphragm 
usually  has  a  small  positive  or  negative  potential.  In  order  to 
create  a  strong  accelerating  field,  the  diaphragm  D^,  as  a  rule, 
must  have  a  high  positive  potential. 


Fig.  2-14.  l^es  of 
iSBMrrsion  lenses. 


Ihe  equipotential  surfaces  of  the  electrostatic  lens  under 
discussion  sag  through  the  lypertures  of  the  first  and  second  dia¬ 
phragms.  As  a  result,  a  foousing  lens  is  fonwd  in  the  region  of  the 


aperture  of  the  flrat  diaphragm^  and  a  diverging  lens  Is  formed 
In  the  region  of  the  aperture  of  the  second  diaphragm.  By  varsrlng 
the  potentials  of  the  diaphragms  and  TJg,  the  focal  length  of 
such  a  lens  can  be  varied  when  the  distance  between  the  diaphragms 
and  the  cathode  Is  constant.  Hie  electrostatic  lens  Just  discussed 
Is  used  In  cathode -ray  tubes  to  obtain  a  small  spot  of  light  on 
the  screen^  the  spot  being  the  trace  of  a  focused  electron  beaau 


Pig.  2-15.  Blpotentlal 
electrostatic  lens  and 
coaibinations  of  glass 
lenses  analogous  to  them. 


Hie  following  types  of  electrostatic  lenses  are  those  most 
frequently  en?)loyed: 

1.  Hie  Immersion  lens,  which  consists  of  one  (Pig.  2-l4a)  or 
several  diaphragms  (Plg.  2-l4b).  Hie  special  feature  of  the  Im¬ 
mersion  lens  Is  the  continuous  varlF  '>n  of  the  potential  of  the 
electric  field  from  the  plane  of  the  object  to  Its  laiage;  this 
continuous  variation  Is  achieved  by  a  suitable  positioning  of  the 
diaphragms.  An  Immersion  lens  can  also  be  formed  by  two  cylinders 
of  the  same  or  different  diameters  (Rig.  2-15a,b)  with  different 
potentials  (blpotentlal  lenses). 

2.  Hie  unlpotentlal  lens,  irtilch  Is  composed  of  three  dia¬ 
phragms  (or  three  cylinders),  of  which  the  outer  dlaphz*agnui  are 
at  the  same  potential,  and  the  Inner  diaphragm  is  at  a  dlffarant 
potential  (Fig.  2-l6). 
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By  utilizing  electrostatic 
lenses.  It  is  possible  to  focus  an 
electron  beam  or  to  obtain  a  mag¬ 
nified  image  of  the  object  by  means 
of  electronic  beams  Just  as  a  mag¬ 
nified  image  of  an  object  or  a  fo¬ 
cused  light  ray  la  obtained  by 
means  of  optical  (glass)  lenses. 
IMS  is  explained  by  the  fact  that 


*tg.  2-l6.  Unipotentlal 
electrostatic  lens  and 
combination  of  glass 
lenses  analogous  to  it. 


the  formula  for  the  foeal  length  in  light  optics  remains  valid  for 
electron  optical 


where  F  is  the  focal  length  of  the  lens; 

a  is  the  distaneeffxJDsm’ the  object'. to  the  lens; 

”^-ls  the  distance Trom  bhe'lens'to  the  image  (Fig.  ^■i-lT). 
The  size  of  the  image  is  found  by  the  formula 


[when  (b/a)>l,  the  image  is  magnified;  when  (b/a)<l,  the  image  is 
diminished]. 


Fig.  2-17.  Path  of  light 
rays  when  obtaining  a 
ms«iified  image. 


o 
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2-^3.  THE  MOTION  OP  AN  ELECTRON  IN  A  HOMOGENEOUS  MAGNETIC  FIELD. 

In  many  electronic  devices,  the  electron  stream  la  controlled 
not  only  by  means  of  electric  fields,  but  also  by  magnetic  fields. 
Magnetic  fields  exert  a  definite  Influence  on  the  motion  of  elec¬ 
trons.  This  Influence  may  be  easily  determined  If  use  Is  made  of 
the  laws  of  the  Interaction  of  a  magnetic  field  with  an  electric 
current . 

Let  us  Investigate  the  simplest  case  of  the  motion  of  an 
electron  In  a  homogeneous  magnetic  field  —  l*e. ,  In  a  field  whose 
lines  of  force  are  Btz*alght,  mutually  parallel,  and  have  the  same 
density. 

Ihe  force  P  with  which  a  homogeneous  field  acts  on  an  elec¬ 
tron  moving  In  It  with  a  velocity  v  and  creating  an  elementax*y 
current  I*  can  be  determined  by  Aaipere's  foimula: 

;  F==rSHs\na.  (2-l8) 

where  S  Is  the  length  of  the  segment  (element)  of  the  conductor  on 
which  a  magnetic  field  with  an  Intensity  H  acts;  a  Is  the  angle  be¬ 
tween  the  direction  of  the  magnetic  field  _H  and  the  direction  of  the 
elementary  current  I*. 

If  the  electron,  which  has  the  charge  has  covered  the 
path  S  In  time  t,  the  Elementary  current  created  by  the  electron 
will  be  equal  to: 


Substituting  this  value  of  the  current  In  formula  (2*48),  we 
obtain : 
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But  S/t  iB  sln?>ly  the  Initial  velocity  of  the  electron  Vq. 
nierefore^  the  force  with  which  a  homogeneoun  magnetic  field  acts 
on  an  electron  moving  In  It  with  a  velocity  of  Vq  1b  equal  tO! 

■  F=  —  ev^Hs\na.  (2-19) 

Hie  direction  of  this  force  may  be  determined  by  the  so-called 
"corkscrew  rule":  If  the  handle  of  a  corkscrew  Is  turned  from  H 
to  V,  as  shown  In  Pig.  2-l8,  the  corkscrew  will  move  In  (screw  Into) 
the  direction  of  the  force  P.  Hius,  the  force  P  Is  always  perpen¬ 
dicular  to  the  direction  of  the  lines  of  force  of  the  magnetic  field 
and  the  direction  of  the  velocity  of  the  electron. 

If  the  electron  Is  moving  rectlllnearly  with  an  Initial 
velocity  Vq  and  enters  a  homogeneous  magnetic  field.  It  will  be  de¬ 
flected  from  Its  original  rectilinear  path  by  the  force  P  and  will 
move  along  a  conplex  path  whose  form  Is  determined  by  the  Initial 
conditions  of  the  motion  of  the  electron. 

We  shall  discuss  a  few  cases  of  the  motion  In  a  homogeneous 
magnetic  field  given  various  Initial  conditions. 

a)  At  the  Initial  moment  of  time,. the  velocity  of  the  elec¬ 
tron  Vq  Is  equal  to  zero.  Substituting  this  value  of  the  Initial 
velocity  Into  formula  (2-19) »  we  find  that  the  force  P  «=  0.  Conse¬ 
quently,  the  magnetic  field  does  not  act  on  a  motionless  electron. 

b)  Hie  Initial  velocity  of  the  electron  Is  not  equal  to  zero 
and  Is  directed  along  the  lines  of  force  of  the  magnetic  field. 

In  this  case,  the  angle  ci  between  the  direction  of  the  lines  of 
force  and  the  direction  of  the  Initial  velocity  of  the  electron  Is 
equal  to  0  or  l80®  and,  consequently,  sin  (0°)  ■  sin  (l80®)  ■  0; 
therefoA  ^the  force  P  Is  also  equal  to  zero.  Hius,  the  magnetic 
field  does  not  act  on  the  electron  In  this  case  either.  It  follows 
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from  this  that  the  electron  will  move  along  the  lines  of  force  or 
against  them,  changing  neither  the  magnitude  nor  the  direction  of 


Its  Initial  velocity  (Fig.  2-19). 


I 

Fig.  2-18. 
Corkscrew  rule. 


Fig.  2-19.  The  path 
of  the  motion  of  an 
electron  Iri  a  homogene¬ 
ous  magnetic  field  1ft 
1  -  a  -  0°  and  2  -  «  =  180  . 


c)  The  Initial  velocity  of  the  electron  Is  not  equal  to  zero 
and  Is  directed  perpendicularly  to  the  lines  of  force  of  the  mag¬ 
netic  field  —  l.e.,  the  angle  la  equal  to  90  or  270®.  Olven  these 
Initial  conditions,  sin  01  =  -^1.  Substituting  these  values  of  slnm 
Into  Eq.  (2-19),  we  obtalnt 

F—±ev^H.  (2-20) 

The  force  P  Is  always  perpendicular  to  the  direction  of  the 
velocity  of  the  electron.  T3ierefore,  the  force  does  not  do  work  In 
displacing  the  electTOn  and,  consequently,  does  not  change  Its 
kinetic  energy.  The  only  action  of  the  force  F  la  to  Impart  eui  ac¬ 
celeration  of  constant  magnitude  F/m  «  -^VQll/m  to  the  electron, 
which,  like  the  force  F,  Is  directed  perpendicularly  to  the  velocity 
of  the  electron  —  l.e..  Is  a  centripetal  acceleration.  But  the 
centripetal  acceleration  of  the  electron  can  also  be  expressed  by 
v^/r  -  l.e. , 


* 

% 
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It  follows  from  this  that  the  radius  of  ourvattu*e  of  the  path  of 
the  electron  Is 

!  i  (2^1) 

i 

since  all  the  factors  on  the  rlghthand  side  of  Eq.  (2-21 ) 
are  constant,  the  radius  of  the  path  of  the  electron  is  also  con¬ 
stant.  It  follows  from  this  that  an  electron  entering  ai  homogeneous 
magnetic  field  with  an  Initial  velocity  Vq,  directed  perpendicular¬ 
ly  to  the  lines  of  force  of  the  field,  will  perfom  a  circular  motion 
In  the  field  under  the  Influence  of  a  force  P;  the  circle  will  lie 
In  a  plane  perpendicular  to  the  lines  of  force  of  the  field  (Plg. 
2-20).  In  this  motion,  the  force  P,  the  centripetal  acceleration, 
and  the  Initial  velocity  of  the  electron  will  change  only  In  direc¬ 
tion;  they  will  not  change  their  magnitude. 

d)  The  Initial  velocity  of  the  electron  Is  directed  at  a 
certain  angle  a.  to  the  lines  of  force  of  the  field.  In  this  case, 
the  velocity  may  be  resolved  Into  a  component  v^u ,  directed  along 
the  lines  of  force,  and  a  con?)onent  Vg  ,  directed  perpendicularly 
to  the  lines  of  force  of  the  field.  Uhder  the  Influence  of  the 
fonner  con?)onent,  the  electron  will  move,  as  In  case  "b”,  unlformr 
ly  and  rectlllnearly  along  the  lines  of  force;  under  the  Influence 
of  the  latter  coiiQ)onent,  the  electron  will  describe,  as  In 
case  "o”,  a  circle  lying  In  a  plame  perpendicular  '  >  the  lines  of 
force  of  the  field.  Uhder  the  Influence  of  both  cosqponents,  the 
electron  will  describe  a  helix,  whose  radius  may  be  determined  from 
Bq.  (2-21)  by  substituting  the  perpendicular  component  for 


(2-22) 


The  axis  of  the  helix  will  be  directed  along  the  lines  of  force  of 


the  field  (Pig.  2-21). 

niUB,  a  magnetic  field  differs  from  an  electric  field  in  that 
the  former  acts  on  an  electron  only  if  the  electron  cuts  the  lines 


of  force  of  the  field  diirlng  the  course  of  its  motion.  In  this  case, 
only  the  path  of  the  electron  is  altered;  the  kinetic  energy  and 
the  velocity  remain  constant. 

Let  us  consider  the  motion  of  an  electron  in  a  homogeneous 


magnetic  field  from  the  point  of 


an  electron  in  a  homoge>i' 
neous  magnetic 'field 
(initial  velocity  of  elec¬ 
tron  dla?ected  perpendicu¬ 
larly  to  the  lines  of 
force  of  the  field. 


view  of  electron  optics. 


Fig.  2-21.  Ihe  motion  of 
an  electron  in  a  homogen- 
neouB  magnetic  field 
(initial  velocity  of  elec¬ 
tron  Vq  directed  at  an 
angle  m  to  the  lines  of 
force  of  the  field). 


Let  a  homogeneous  magnetic  field  be  created  by  means  of  the 
passage  of  an  electric  current  I  through  a  sufficiently  long 
solenoid  (Fig.  2-22).  If,  from  point  1,  the  electrons  travel  at 
various  angles  to  the  axis  of  the  solenoid,  several  of  them  — 
l.e. ,  those  whose  velocities  are  in  a  direction  coinciding  with  that 
of  the  axis  of  solenoid  —  will  move  reotllinearly  along  the  axis  of 
the  solenoid.  But  the  overwhelming  majority  of  the  electrons  irtiich 
are  traveling  at  various  emgles  a to  the  axis  of  the  solenoid  will 
move,  as  we  know,  in  helices  whose  radii  are  determined  by  the 
corresponding  oomponenta  of  velocity  Vqj^ perpendicular  to  the 
axis  of  the  solenoid t 


« 
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Ihe  time  that  It  takes  the  electron  to  isove  through  a  full  turn  of 
the  helix,  the  turn  being  of  length  2iir,  may  be  found  by  dividing 
the  length  of  the  loop  by  the  linear  velocity  of  the  electron! 

2ni-  _ 2itm 

«’oi  “  ■ 

We  see  from  the  formula  that  this  time  Is  determined  by  the 


I 

J 


I^g.  2<^2.  Focusing  action 
of  a  homogeneous  magnetic 
field. 


Intensity  of  the  magnetic  field  H  and  Is  dependent  neither  on 
the  velocity  of  the  electron  Vqj^,  nor  on  the  angle  a.  If  the  com¬ 
ponents  of  the  velocity  directed  along  the  axis  are  approximately 
the  same  In  magnitude,  the  electrons  coming  from  point  1  will 
describe  the  turns  of  helices  of  various  radii,  but  in  the  same 
time  —  l.e.,  all  electrons  coming  farom  point  1  will  collect  at 
point  2  as  at  a  focus  after  tlmeT;  after  this,  they  will  again 
diverge  and  collect  at  point  3  after  time  t,  and  so  on.  Points  2, 
etc.,  are  direct,  unmagnlfled  Images  of  point  1  (multiple 
focusing).  Thus,  an  electron  stream  can  be  focused  by  meems  of  a 
solenoid.  However,  such  a  focusing  method  Is  Inconvenient  because 
in  order  to  obtain  a  hosngeneous  magnetic  field,  sufficiently  long 
solenoids  (coils)  aust  be  employed. 


2-4.  ins  NOTION  OF  AN  XUICmON  IN  NONHOMOOENEOUS  MAONETIC  FIELDS. 
NAONETEC  BUtCTRON  LENSES. 

Electron  streams  are  such  store  often  focused  by  means  of  so- 
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dalled  "short"  magnetic  lenses.  These  lenses  are  colls  of  small 
length  by  means  of  which  nonhomogeneous  magnetic  fields  can  be 
obtained  that  possess  axial  syamietry  and  fully  satisfactory  focus¬ 
ing  properties. 

We  shall  consider  the  focusing  action  that  the  nonhomogeneous 
magnetic  field  of  a  short  lens  has  on  an  electron  stream.  At  point 
A,  vdilch  la  near  the  coll  and  at  a  distance  of  r  from  the  X  axis, 
the  Intensity  of  the  nonhomogeneous  field  can  be  resolved  Into 
two  coii?)onents :  a  component  directed  along  the  X  axis,  and  a 
radial  component  H^.  Let  electrons  leave  the  cathode  from  point  1 
with  Initial  velocities  of  v^,  approximately  equal  In  magnitude, 
and  let  the  direction  of  the  velocities  make  a  small  angle  a  with 
the  X  axis  (paraxial  electrons).  Since  the  electrons  cut  the  lines 
of  force  of  the  magnetic  field  during  the  course  of  their  motion, 
the  radial  con^jonent  of  the  field  will  act  on  the  electrons  with 
a  force  force  Is  perpendlOTilar  to  the  plane 

fonned  by  the  conponent  and  the  Initial  velocity  v^;  smd, 
consequently.  It  In^jarts  a  lateral  acceleration  to  the  electrons, 
as  a  result  of  which  the  electrons  are  deflected  from  their 
original  direction  to  the  side  by  an  angle  ^ .  By  virtue  of  this, 
the  electrons  acquire  a  velocity  component  v^  In  the  lateral 
direction.  Owing  to  this  component,  the  electrons  will  move  In  a 
circle  of  radius  r  around  point  B.  At  the  same  time,  owing  to  this 
same  velocity  component  v^  ,  a  force  P^  =  ev^  directed  toward  the 
X  axis  will  begin  to  act  on  the  electrons;  under  the  Influence  of 
this  force,  the  paths  of  the  electrons  will  bend  toward  the  X  axis 
and  will  again  converge  at  the  point  2,  which  lies  on  the  X  axis 
to  the  right  of  the  coll.  This  point  Is  a  focus  of  the  short  mag¬ 
netic  lens.  The  Image  obtained  of  the  object  will  be  rotated  by 


an  angle  ^  with  respect  to  the  object.  OIiub,  the  short  magnetic 
lens  makes  It  possible  to  obtain  a  real>  magnified  Image  of  the 
object,  rotated  by  an  angle  P .  The  angle  of  rotation  of  the  Image 
Is  dependent  on  the  velocity  of  the  electrons  and  the  Intensity 
of  the  magnetic  field.  The  atagnlflcatlon  obtained  by  means  of  a 
short  magnetic  lens  Is  determined,  as  In  the  case  of  the  ordinary 
optical  lens,  toy  the  ratio  b/a. 


Fig.  2-23.  Focusing  action 
of  the  nonhomogeneoua  magnetic 
field  of  a  short  lens. 


The  focal  length  of  magnetic  electron  lenses  may  be  evenly 
varied  by  changing  the  magnitude  of  the  current  In  the  colls. 

This  Is  an  advantage  not  possessed  by  optical  lenses. 

Magnetic  electron  lenses  are  subdivided  Into  three  classes 
according  to  the  magnitude  of  the  focal  length,  which  Is  dependent 
on  the  extent  of  the  field.  These  classes  are:  long  lenses.  In 
which  the  magnetic  field  Is  homogeneous  from  the  object  to  Its 
Image;  medium  lenses.  In  which  the  field  Is  nonhomogeneous,  and 
Its  extent  Is  comparable  to  the  focal  length;  and  short  lenses. 

In  which  the  extent  of  the  magnetic  field  Is  small  In  comparison 
with  the  focal  length.  In  order  to  obtain  strongly  magnified,  high- 
quality  Images,  magnetic  lenses  must  have  a  small  fooal  length  and 
produce  minimal  distortions. 


Fig.  2-24.  Encased 
magnetic  coll, 
l)  Object;  2)  Image. 


In  order  to  obtain  a  magnetic  lens  with  a  small  focal  length. 
It  Is  necessary  to  create  a  magnetic  field  of  large  Intensity  at  a 
small  section  along  the  axis  of  the  lens;  this  Intensity  Is  depend¬ 
ent  on  the  nximber  of  an5>ere-tumB  —  l.e. ,  on  the  product  of  the 
number  of  turns  by  the  coll  cui*rent.  If  the  dimensions  of  the  coll 
are  constant,  the  Intensity  of  the  field  can  be  Increased  by  In¬ 
creasing  the  current.  However,  when  the  current  Is  Increased,  the 
Intensity  grows  not  only  at  the  center  of  the  coll,  but  also  at 
Its  edges.  In  Increasing  the  current,  the  amount  of  the  Increase 
Is  limited  by  the  heating  up  of  the  coll.  Ihe  heating  of  the  coll 
can  be  diminished  If  the  cross-section  of  the  conductor  Is  In¬ 
creased,  but  Increasing  the  cross-section  means  Increasing  the  di¬ 
mensions  of  the  coll  and  the  so-called  "crawling  away"  of  the  field, 
which  consists  In  the  fact  that  the  Intensity  of  tlie  field  Increas¬ 
es  more  at  the  edges  of  the  coll  than  at  Its  center,  as  a  conse¬ 
quence  of  which  the  focal  length  Increases. 

At  the  present  time,  the  focal  length  Is  decreased  not  only 
by  Increasing  the  field  as  much  as  possible,  but  also  by  "com¬ 
pression"  of  the  field  along  the  axis  of  the  coll.  Hie  field  Is 
compressed  by  screening  the  coll  -  l.e.,  by  placing  It  In  an 
Iron  case  In  whose  Inner  side  there  Is  a  silt.  Since  the  magnetic 
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field  t>f  Iron  l8  mioh  larger  than  for  alr^  the  intenfllty  of  the 
oagnetlo  field  will  he  nuoh  higher  near  the  alit  than  in  a  ooil 
that  iB  not  Boreened  (Fig.  2-24). 


Fig.  2-25.  SnoaBed 
nagnetlo  coll  with 
pole  pieces, 
l)  Ring  of  nonmagnetic 
material;  2)  pole  pieces; 
3)  case;  4)  winding. 


Still  more  decrease  In  the  focal  length  can  be  achieved  by 
the  use  of  so-called  '*pole  pieces, "  which  are  placed  Inside  the 
coll  opposite  the  silt  (Fig.  2-25);  this  decreases  the  Internal 
diameter  of  the  coll  and  further  compresses  the  field.  Pole  pieces 
are  made  out  of  ferromagnetic  alloys  and  are  composed  of  two  cones 
which  are  opposite  poles  of  a  powerful  eleotrosmgnet. 


CShapter  Three 
ISLECTRON  EMISSieN 

3-1.  TYPES  OP  ELECTRON  EMISSION. 

In  Chapter  One,  It  has  been  shown  that  electrons  nay  be  led 
out  from  a  solid  Into  the  space  surrounding  It,  If  a  certain  ad¬ 
ditional  energy  Is  Inparted  to  them  by  any  means.  Regardless  of 
the  way  In  which  the  additional  energy  Is  Inparted  to  the  electrons, 
or  of  the  conditions  that  may  be  set  up  for  the  escape  of  electrons 
from  the  solid,  the  process  of  liberation  of  electrons  from  a 
solid  Into  the  space  surroimdlng  It  Is  called  electron  emission. 
Depending  upon  the  method  used  to  la5)art  additional  energy  to  the 
electrons  of  the  solid,  or  upon  the  conditions  set  up  to  provide 
liberation  of  electrons  from  the  solid,  various  types  of  electron 
emission  are  distinguished. 

At  the  present  time,  the  following  types  of  electron  emission 
are  known: 

1.  Thermionic  emission  In  which  additional  energy  Is  lnq)az*ted 
to  the  electrons  by  heating  the  solid. 

2.  Field  emission  (electrostatic  emission)  occTirring  as  a 
result  of  external  electric  fields  '  'ting  up  high  field  strength 
at  the  surface  of  the  solid. 

3*  Secondary  electi?on  emission,  occurring  upon  bombardment  of 
the  solid  by  a  stream  of  electrons  (called  primary),  or  any  other 
charged  particles.  When  this  happens,  a  portion  of  the  kinetic 
energy  of  the  primary  electrons  (or  particles)  is  imparted  to  the 
eleotz*ono  of  the  solid. 

4.  Photoeleotrio  emission,  occurring  as  a  result  of  the  effect 
of  a  stream  of  radiant  energy,  which  is  partially  converted  into 
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kinetlo  energy  of  the  electrons  of  the  solid. 

3-fi.  THERMIONIC  EMISSION.  THERMIONIC-EMISSION  EQUATION. 

Ihe  phenomenon  of  thermionic  emission  may  be  observed  by  as¬ 
sembling  a  single  electrical  circuit  (Elg.  3-1) >  consisting  of  a 
source  of  direct  current  a  galvanometer  Q,  a  switch  P,  and  a 

glass  envelope  within  which  a  vacuxun  has  been  set  up.  A  metal 
plate  A  (anode)  and  a  metal  filament  K  (cathode)  are  located  In  the 
glaas  envelope,  a  certain  distance  apart;  the  filament  Is  heated  to 
a  high  teii?)erature  by  passing  an  electric  current  through  It.  If  the 
plate  A  Is  connected  In  series  with  the  galvanometer  Q  to  the  posi¬ 
tive  side  of  the  filament  battery  B^,  the  galvanometer  needle  will 
be  deflected.  Indicating  the  existence  of  a  weak  electric  current 
In  the  plate  circuit,  and,  consequently.  In  the  evacuated  space  be¬ 
tween  the  plate  and  the  cathode  as  well,  nils  current  always  appears 
with  a  heated  filament  and  a  positive  potential  on  the  plate.  With 
the  filament  cold,  the  galvanometer  Indicates  no  current  with 
either  a  positive  or  negative  potential  on  the  plate.  Prom  this  It 
follows  that  the  hot  filament  Is  a  source  of  negative  electrical 
charges,  since  they  are  only  able  to  move  under  the  action  of  a 
positive  potential  on  the  plate. 

The  true  nature  of  the  negative  electrical  charges  produced  by 
a  hot  filament  In  a  vactzum  has  been  known  for  some  time.  In  I889, 
Thomson  established  the  fact  that  the  ratio  of  the  charge  of 
particles  given  off  by  a  hot  filament  to  their  mass  Is  precisely 
e<inal  to  the  charge -mass  ratio  of  the  electron. 

Thus,  It  has  been  established  that  a  hot  filament  yields 
(emits)  electrons;  as  the  electrons  move  In  the  vaeutta  as  a  result 

[•h  “  ®n  “  ^nakal  -  ^filament] 


of  the  action  of  an  aockoleratlng  electric  field  toward  the  plate. 


which  18  at  a  poaltlve  potential  with 
respect  to  the  fllaaient,  they:  create  - 
.an  electric  current  opposite  In  direction 
to  the  motion  of  the  electrons. 

At  a  high  filament  temperature,  cer¬ 
tain  electrons  leave  the  filament  with 


Xlg.  3**1'  Basic 
olroult  for  oh- 
■ervlng  themlonlc 
eolaslon. 

A)  Metal  plate 
(anode )j  K)  hot 
metal  filament 
(cathode);  ' 

df)  galvanometer; 

B)  glass  envelope; 

fllsawnt  battery; 

?}  switch. 


quite  high  Initial  velocities.  Ihus,  a 
thermionic -emission  current  may  be  ob¬ 
served  In  the  plate  circuit  with  zero  po¬ 
tential,  or  even  with  small  negative  po¬ 
tentials,  on  the  plate,  since  the  fast 
electrons  nay  overcome  weak  retarding 
fields,  and  reach  the  plate. 


3-3.  THERMIONIC  EMISSION  AS  A  PDNCTION  OP  TEMPERATDRE  AND  WORK 
PONCnON. 

At  room  temperature,  metals  emit  almost  no  electrons.  The  ex« 

planatlon  for  this  lles.J.n  the  circumstance  that  the  kinetic  enez^ 

of  the  overwhelming  majority  of  free  electrons  In  the  metal  Is  less 

than  the  total  work  function.  With  an  Increase  In  temperature,  the 

velocity  and  kinetic  energy  of  a  considerable  portion  of  Sleotlwns 
lnoz*ease.  Those  electrons  whose  energy  becomes  equal  to  the  total 

work  function  may  leave  the  metal  and  go  out  Into  the  surrounding 

space.  The  higher  the  temperature  of  the  heated  metal,  the  greater 

the  number  of  electrons  escaping  Its  stirface,  and  the  greater  the 

thezmlonlc -emission  current.  Thus,  the  magnitude  of  the  thenalonlo- 

emlsslon  current  bears  a  fixed  relationship  to  the  temperature  of 

the  heated  metal. 

For  pure  Mtals,  the  thenslonlc -emission-current  density 


depends  iq;)on  the  teBper>&tuz^  T  In  aeoordanoe  with  the  equation 
obtained  theoretically  by  Richardson  and  Coshaant 

! 

j  l’,=  AVe  ^  (3-1) 

nils  equation  indicates  that  the  current  density  I*  varies 
with  changes  in  aetal  teaperature  T  according  to  an  exponential 
law.  nie  constants  A  and  bQ  entering  into  the  equation  have  a 
specific  physical  interpretation. 

Ihe  constant  is  the  ten^perature  equivalent  of  the  work 
function,  equal  to  11,600®K.  It  is  defined  by  the  equation 
bo  =  where  e  is  the  charge  of  an  electron;  k  =  I.38  '  10“^^ 

erg  ’  degree”^  —  the  Boltzmann  constant;  e^Q  effective  work 

function.  Thus,  the  constant  bQ  depends  iqpon  the  work  function  for 
the  metal. 


TABLE  3-1. 


1^  Metal;  2)  melting  point,  degree  K; 

3)  A,  amp/cm  •  degree  ;  4)  ^q,  ev; 

5)  tungsten;  6)  molybdenum;  7)  tantalum; 

8)  thorium;  9)  barium;  10 )  Cesium. 

The  quantity  A  is  a  constant  whose  theoretically  cosiiuted 
value  ist 

A  «  60.2  amp  •  cm  •  degree  . 

Experience  has  shown,  however,  that  for  real  metals,  A  has 
differing  values,  larger  and  smaller  than  60. 2  (Thble  3-1). 


A  does  not  even  remain  constant  for  exactly  the  same  metal,  but 
changes  as  Its  surface  condition  varies. 

The  discrepancy  between  theory  and  ejqjerlment  has  been  eliminat¬ 
ed  by  modem  electronic  theory,  which  In  Its  derivations  of  the  law 
of  thermionic  emission  takes  Into  account  the  shape  of  the  potential 
barrier,  and  the  velocity  of  the  electrons  approaching  It. 

Equation  (3-1}  Indicates  that  as  the  tenperature  rises  and  the 
work  function  drops,  the  thendonio-emlBBlon-current  density  In- 
creaBes. 


W.E*  3  -2.  Thermionic - 
emission  current  of  a 
tungsten  cathode  as  a 
function  of  tenqjerature. 


Figure  3-2  Is  a  graphical  repre¬ 
sentation  of  the  law  of  thermionic 
emission  for  a  tungsten  cathode  having 

O 

a  surface  of  0.145  cm  .  Tills  e3q)onentlal 
curve  Indicates  that  as  the  temperature 
of  the  tungsten  rises  from  2200  to 
2400®K,  the  thermionic  •emission  current 
rises  slightly,  while  when  the  tempera¬ 
ture  Increases  from  2400  to  2700°K,  the 


ctirrent  rises  very  rapidly.  The  shape  of  the  graph  Is  accounted  for 
chiefly  by  the  exponential  term  e^’^0^^^  In  the  equation.  It  la 
easily  calculated  that  for  tungsten  heated  to  2500^K,  a  temperature 
Increase  of  1^,  l.e.,  to  2525°,  causes  an  Increase  In  the  term  of 
about  2}^,  and  In  the  term  of  20^. 


The  law  of  thermionic  emission  may  be  erq>reBBed  graphically  for 


any  metal.  If  the  constants  A  and  bQ  are  known  for  It.  For  this 
purpose,  appropriate  tesperature  values  are  taken,  erqpressed  In 
degrees  absolute,  and  the  current  density  In  anp/cn^  Is  ooiputed 
according  to  Sq»  (3-1  )•  From  the  ooaputed  data,  a  graph  of  I  -  f(T) 
can  be  plotted,  with  temperature  values  T  in  degrees  absolute  along 


the  X  axis,  and  the  total  oxirrent  In  mllllamperea,  over  the 
entire  surface  of  the  heated  metal  along  the  Y  axis. 

3-4.  THERMIONIC  EMISSION  PROM  ACTIVATED  SURPACES. 

AlthouLgh  several  of  the  metals  have  low  work  functions,  they 
still  cannot  be  used  In  pure  form  to  obtain  any  considerable  emis¬ 
sion  owing  to  unsuitable  physlceLl  properties,  and  chiefly  owing  to 
low  melting  point.  In  practice.  It  has  proved  possible  to  raise  the 
working  temperature  of  metals  with  low  work  functions  somewhat  by 
combining  them  with  other,  higher -melting  metals,  and  as  a  result 
to  Increase  the  thezmlonlc  emission.  Por  example.  If  a  thin  layer 
of  thorium  Is  applied  to  a  tungsten  surface,  the  temperature  of  the 
combination  may  be  raised  to  a  value  close  to  the  melting  point  of 
thorium.  Die  working  temperature  of  similar  combinations  of  metals 
may  be  above  the  working  temperature  of  the  lowHseltlng  metal,  and 
the  work  function  lower  than  that  of  each  of  the  metals  taken  In 
Isolation. 

Using  the  method  described.  It  has  proved  possible  to  utilize 
the  low  work  function  of  certain  metels  at  higher  temperatures,  at 
which  these  metals  would  melt  In  pure  fom.  Por  example,  the  melt¬ 
ing  points  of  tungsten  and  thorium  equal  3655  and  2130®K  respective¬ 
ly.  With  a  Itiyer  of  thorium  on  tungsten,  the  work  function  amounts 
to  2.63  ev,  while  at  the  same  time,  the  wozic  fun'^tlon  of  pure 
tungsten  Is  4.6  ev,  and  that  of  pzire  thorium  3*4  ev.  Such  thorlated 
tungsten  gives  large  emission  at  a  woiiclng  temperature  of  about 
1900°K  over  an  extended  period  of  time,  whloh  Is  laposslble  with 
pure  thorliun. 

Barium  and  cesium  are  also  sometimes  used  In  addition  to 
thorium  for  coating  hlgher-neltlng  metals.  Such  combinations  are 
called  "barium  on  tungsten,  ”  "thorium  on  tungsten, "  "bazd.um  on 
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nlckelj  "  etc.  Thorliun  on  ttingsten  la  the  moat  frectuently  utilized 
o(^lnatlon.  Bcudum  on  txxngaten  and  oealum  on  tungaten  aj*e  leaa 
often  uaed,  alnce  bajrliD&  and  oealum  evaporate  ooaiparatlvely  eaally 
tvom.  the  aurface  of  the  heated  tungaten. 

In  addition  to  coatlnga  of  thin  layera  of  low-melting  metals 
on  the  surfaces  of  hlgher-aeltlng  metals,  coatings  are  also  used 


consisting  of  thin  layers  of  oxides  of  metals  having  low  work 
functions.  In  1904  It  was  found  that  at  comparatively  low-  teB5>era- 
tures  (on  the  order  of  1000°K)  very  great  thermionic  emission  was 
produced  by  oxides  of  the  alkali -^arth  metals:  barium,  strontium, 
and  calclumj  these  materials  were  applied  to  the  surface  of  another 
metal  and  subjected  to  appropriate  heat  treatment.  It  was  found 
later  that  as  a  result  of  heat  treatment,  free  atoms  of  barium 
fomsd  In  the  oxide  layer;  they  then  diffused  throughout  the  thlok- 
OMM  of  the  oxide  layer  and  on  Its  surface,  and  decreased  the  work 
fanotlon,  thus  causing  a  strong  Increase  In  thermionic  emission. 


TJUnU  3-2. 


Tn 


Ke¥<»uwi  acTiMM 


ATophI  Ha  HOjib^tpaMe  (SS^-Hoe 

^  m-lHITHt) . 

ita  HOJikCPaMa  (I00«o« 

Hiiim)  . 

M  raaruc . 

M  MpCim  BOJbCpmi 
diPWI  M  •  « 

wau  flapn  c  mkw 

MUM  M  MMM  .  .  . 


- (S - 

A. 

»• 

2.« 

34  ISO 

2.04 

3.0 

30500 

3,63 

o.s 

SO  200 

3.53 

l,2.|0-» 

17400 

1.40 

(O.S— aQ)-io-« 

It  300 

0.07 

S.0.I0-* 

0360 

0.01 

1)  (Mblnatlon  of  metals;  2}  A,  aap/om^> 

•  degree^;  3)^Qt  •▼;  thorium  on  tungsten 
(83^  coating);  3)  thorium  on  tungsten  (100)^ 
coating);  6)  thorium  on  tantalum;  7)  thorium 
on  timgston  cazhldo;  8)  barium  oxide  on 
tungsten;  9)  barium  oxldo-strentium  omldo 
mixture  on  nioksl. 
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Tahle  3-2  gives  the  values  of  the  work  functions  and  other 
thexsionio -emission  constants  for  several  of  the  most  common 
metals  emd  oxides  In  ccmsblnatlon  with  other  metals.  The  data  of 
the  table  indicate  that  the  values  of  the  constsmts  depend  not 
only  on  the  nature  of  the  coating  utilized,  but  also  upon  the  de¬ 
gree  to  which  the  base  metal  is  coated. 

Ihe  process  through  which  large  and  stable  thermionic  emis¬ 
sion  is  obtained  by  applying  a  thin  layer  of  some  other  metal 
having  a  low  work  function  to  the  surface  of  a  base  metal  is  called 
activation  of  the  stirface  of  the  base  metal.  Metals  having  a  high 
work  function  and  relatively  high  melting  point  (tungsten,  molyb¬ 
denum,  nickel,  etc. )  are  activated.  Alkali  and  alkali -earth  metals 
are  used  as  the  activating  metals;  they  should  be  electropositive 
with  respect  to  the  base  metal. 

Hie  magnitude  of  the  thermionic -emission  current  from  pure  and 
activated  surfaces  may  be  computed  in  accordance  with  Bq.  3-1.  It 
should  be  kept  in  mind,  however,  that  in  the  case  of  activated 
surfaces,  the  value  of  the  constants  A  and  bQ  depend  very  heavily 
upon  the  degree  and  uniformity  with  which  the  active  layer  covers 
the  surface  of  the  base  metal. 

3-5*  BTTOCT  OF  AOGBiaUTINa  EI2CTRZC  FIELD  UPON  THERMIONIC 

EMISSION.  FIELD  EMISSION. 

In  the  absence  of  an  external  electric  field,  the  only  elec¬ 
trons  that  are  able  to  leave  the  heated  metal  are  those  that  have 
a  kinetic  energy  equal  to  or  greater  than  the  work  function  at  the 
instant  they  cross  the  smtal-vaouum  interface.  In  this  case,  the 
thensLonic  emisslen  Is  defined  by  the  well4cno«n  eqnhtion 

(3-a) 


where  Is  the  thermionic -emission  current  density  In  the  absence 
of  ein  external  electric  field.  l. 

An  external  accelerating  field  always  causes  a  certeiln  Increase 
In  emission,  even  throxigh  the  teiq>erature  of  the  metal  remains  con¬ 
stant.  In  the  given  case,  the  accelerating  field  tends  to  counter¬ 
act  the  forces  holding  the  electrons  In  the  metal,  and  thus  de¬ 
creases  the  work  function  and,  consequently.  Increases  emission, 
nms.  In  the  presence  of  an  external  accelerating  field  the 
thexmlonle-emlBSlon  equation  becomes  Inaccurate. 

Ihe  practical  utilization  of  thennlonlc  emission  Is  always 
connected  with  external  electric  fields.  Consequently,  for  a  more 
accurate  determination  of  the  work  function  and  the  magnitude  of 
thermionic  emission.  It  Is  necessary  to  take  Into  acoorint  the  effect 
of  the  external  electric  field. 

let  us  consider  In  basic  terms  the  mechanism  by  which  electrons 
escape  from  the  surface  of  a  hot  metal  in  the  presence  of  an  exter¬ 
nal  electric  field. 

Let  an  electron  escape  from  a  metal  whose  surface  Is  assumed 
to  be  flat.  In  direct  proximity  to  the  surface,  there  are  attractive 
forces  acting  on  the  electron  due  to  the  ions  located  near  the 
point  at  which  the  electron  has  left.  To  the  degree  that  the  elec¬ 
tron  moves  away  from  the  surface.  It  begins  to  feel  the  effect  of 
the  positive  charge  Induced  by  It,  and  concentrated  In  the  metal  at 
the  point  of  mirror  reflection  of  the  receding  electron.  In  this 
case,  the  distance  2  Increases,  while  the  force  acting  on  the  elec¬ 
tron  decreases.  Pbr  griq}hloal  purposes,  however,  it  is  more  conven¬ 
ient  to  deal  not  with  the  mirror-re flection-force  variation,  but 
the  electrical  xx>tentlal  9  corresponding  to  it.  In  Fig.  S-Sf  the 
change  in  the  potential  of  the  mirror-reflection  force  is  repre- 
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sented  by  ouz>\re  1>  Indicating  a  sharp  drop  In  potential  with  dis¬ 
tance  from  the  metal  surface;  this  means  that  a  retarding  electrical 
field  (potential  threshold)  acta  upon  electrons  receding  from  the 

■etal. 

Curve  2  represents  the  distribu¬ 
tion  of  the  potential  of  an  external 
electric  field  where  the  elebtrodes 
have  plane -parallel  surfaces;  It  fol¬ 
lows  from  this  curve  that  the  poten¬ 
tial  of  the  external  field  rises  In 
proportion  to  distance.  For  electrens 
departing  from  the  metal,  this  elec- 

Hg.  3-3*  Conversion  of  a 

potential  threshold  Into  a  trie  field  will  be  accelerating.  In 
potential  barrier. under  the 

Influence  of  an  external  the  last  analysis,  an  electron  depart - 

accelerating  field. 

l)  mn;  2)  metal.  Ing  from  the  metal  Is  subject  at  every 

point  of  space  to  the  action  of  a  resultant  potential,  which  takes 
the  form  of  a  sum  of  the  potentials  due  to  the  mlrror-refleotlon 
force  and  the  external  electric  field. 

Ihe  resultant -potential  distribution  Is  shown  In  Fig.  3-3  by  a 
dashed  line  (cuz*ve  3).  Taking  at  each  point  of  curve  3  the  tangent 
of  the  slope,  representing  the  field  strength  E,  and  multiplying  It 
by  the  electron  charge  we  may  compute  the  force  with  which  the 
resultant  electric  field  acts  upon  an  electron  departing  from  the 
heated  metal,  and  construct  a  graph  of  Its  variation.  This  force 
retards  the  motion  of  the  electron  along  the  path  segment  from 
X  «  0  to  X  -  and  accelerates  It  along  the  segment  x  > 

nius,  where  there  Is  an  external  accelerating  field,  those  electrons 
escape  the  heated  metal  whose  kinetic  energy  Is  sufficient  to  over¬ 
come  the  retarding  force.  Ihese  electrons  proceed  a  distance  of  up 
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to  X  =  *jain  retarding  field  (potential  barrier)  j  and  then  enter 

the  aooeleratlng  field,  while  in  the  absence  of  an  external  field, 
the  same  electrons  wo\ild  travel  a  greater  distance  in  the  retarding 
field  than  x  =  x^^^,  and  the  potential  difference  la  greater  by  an 
amount  ^  cp  than  in  the  presence  of  an  external  field.  In  the  last 
analyBlfl,  in  the  presence  of  an  external  accelerating  field,  an  elec¬ 
tron  does  an  amount  of  work  in  leaving  the  metal  that  is  less  by  an 
amount  In  this  case,  the  work  function  will  equal  not  ^q,  as  in 

the  absence  of  the  external  field,  but  f>0  -A 4^.  Thus,  the  equation 
for  thermionic  emission  in  the  presence  of  an  external  electric 
field  takes  the  form: 

f~  *<»»— M  «T«  ' 

i  /',e=Are  "  =Are  e  "  ,  (3-3) 

Where  Is  the  thermionic -emission-current  density,  depending 

upon  the  teaperatixre  and  upon  the  external  electric  field. 

The  theoretical  computation  gives  the  following  expression 
for  the  magnitude  of  the  emiaBion  with  an  external  field  strength  Bt 

'  f  (3-4) 

'<«  — 

If  there  is  no  external  field  (B  -  0),  Bq.  3*4  beooama 
Bq.  3-2: 

la=f’,=Are~^. 

which  defines  the  thezmionic  emission  from  a  heated  sietal  in  the 
ahaence  of  an  external  field. 

It  follows  from  the  considerations  g(iven  that  if  the  field 
strength  at  the  emitting  surface  is  sufficient  for  ooq;>lete  cogpen- 
sation  of  the  retarding  effect  of  the  potential  threshold,  then 
even  at  low  te^^ratzires,  it  might  be  possible  to  obtain  large 


electron  eadSBlon.  Calculation  ehowa  that  a  field  strength  on  the 

O 

order  of  10  v/cm  la  reqiilred  to  coB^jensate  the  potential  threshold. 
Even  where  the  field  strength  Is  on  the  order  of  10^  v/cm,  l.e. , 

100  tines  less,  large  electron  emission  Is  observed  from  cold 
surfaces. 

Hie  mechanism  by  which  electrons  escape  from  the  surface  of  a 
cold  metal  Is  more  coiigjilcated  than  that  Involved  In  thermionic 
emission,  and  cannot  be  ejqplalned  by  the  fact  that  under  strong 
accelerating  fields,  a  metal  loses  only  those  electrons  whose 
kinetic  energy  Is  equal  to  or  greater  than  the  energy  w^^.  On  the  con¬ 
trary,  with  field  ^Blsslon,  electrons  leave  the  metal  surface  with 
all  kinds  of  velocities,  low  and  high.  In  order  to  eaqplaln  this 
phenomenon,  we  must  abandon  the  slo^llfled  picture  of  an  electron 
as  a  sphere  whose  motion  In  an  electric  field  obeys  the  laws  of 
classical  mechanics,  and  take  account  of  wave  properties.  Prom  the 
point  of  view  of  wave  mechanics.  It  Is  permissible  for  even  low- 
energy  electrons  to  pass  through  the  potential  barrier  (tunnel 
effaet).  In  this  ease,  the  narrower  the  potential  barrier,  the 

greater  the  probability  for  elec¬ 
trons  to  pass  through  It. 

In  the  absence  of  an  external 
field,  the  potential  barrier  may  be 
represented  by  curve  1  (Elg.  3-4), 

In  the  presence  of  a  weak  external 
field,  by  curve  2,  and  with  a  strong 
external  field,  by  ctirve  3*  Clearly, 
as  follows  from  eurve  1,  In  the  ab- 
senoe  of  an  external  field,  the 
only  electrons  that  can  penetrate  the 
potential  barrier  are  tbose  whose  energies  by  obanoe  prove  equal  to 
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KLg.  3-4.  Change  In  shape 
o;|r  potential  barrier  as  a 
;^ctlon  of  mainltude  of 
external  field. 

1)  B  -  0;  2)  K>0; 

3)  B  >  0;  4)  metal. 


e 


or  greater  than  the  total  energy  w  ,  the  probability  of  Nhloh  la 

CL 

low,  since  the  metal  la  cold.  Olraa,  the  potential  barrier  preres  to 
be  opague  for  the  vast  majority  of  electrons. 

In  the  preaence  of  a  weak  accelerating  field,  the  width  of  the 
potential  barrier  decreases,  but  Its  height,  as  Indicated  by  Pig. 
3-4,  remains  nearly  unchanged.  In  this  case,  the  potential  barrier 
will  not  be  coiqpletely  opaque,  but  all  the  same,  a  very  small  num¬ 
ber  of  electrons  will  penetrate  the  barrier.  Where  there  are  strong 
accelerating  fields,  the  barrier  becomes  considerably  narrower 
(curve  3),  and  Its  tranaparency  rises  sharply.  Thua,  the  greater  the 
field  strength  near  the  surface  of  a  cold  metal,  the  narrower  the 
potential  barrier  beo<»MS,  and  consequently,  the  greater  the  field 
emission.  Of  cotirse,  for  the  same  field  strength,  cold  emiaBlon 
will  be  greater  for  metals  with  low  work  functions. 

In  order  to  determine  the  field-emission  current  density  accu¬ 
rately,  it  Is  necessary  to  know,  first,  the  fraction  of  the  surface 
of  the  metal  which  actually  gives  off  electrons,  and,  second,  the 
actual  V6Llue  of  the  extemeil  field  strength,  which  may  vary  sharply 
owing  to  unavoidable  nonuniformities  In  the  surface  of  a  real  mtal 
(pointi^  protuberances,  etc. ). 

With  thermionic  emission,  as  we  know,  a  metal  gives  up  only 
the  fastest  electrons.  Ihe  departure  of  these  electrons  from  the 
metal  Is  accompanied  by  a  drop  In  Its  teaqperature.  Cionversely, 
with  field  emission,  the  metal  loses  chiefly  slow  electrons,  and 
a  temperature  drop  Is  not  observed. 

3-6.  PHOTOSISCTRIC  SNZSSION.  PHOTQSMISaiON  L/LWS. 

nxe  phenomenon  of  photoelectric  emission  or  photoemlBslon  was 
discovered  experimentally  in  I887.  Detailed  quantitative  studies  of 
photoelectric  esdasion  were  carried  out  in  I889  by  A.  0.  Stoletev^ 


who  illujglimted  varloiui  metal  plates  in  his  experiments  (zino> 
copper,  nickel,  etc.  )  with  bright  light  from  an  arc  lamp  (Fig.  3-5 )• 

If  the  plate  investigated  was  at  a 
positive  potential,  no  current  appeared 
when  it  was  illuminated.  Sveiy  time 
that  the  plate  was  at  a  negative  poten¬ 
tial,  when  it  was  illxuninated,  a  sensi- 

Fig.  3-5*  Hagram  of 

Stoletov's  experiments.  tive  galvanometer  connected  into  the 

a)  Electrode  in  form  of 

anode  grid;  k)  metal  circtiit  showed  a  weak  current,  which 

plate  investigated 

(cathode);  B)  evacuated  appeared  and  vanished  together  with 

^ass  envelope;  d)  arc 

lamp;  O)  galvanometer.  the  light.  Ihis  current  is  called  a 

photoelectric  current.  Or  sisply  a  photocurrent,  and  the  electrons 
forming  it,  liberated  from  the  metal  under  the  action  of  the  light  — 
photoelectrons.  Ihus,  in  photoelectric  emission,  light  energy  is  con- 
vez*ted  into  electrical  energy. 

Ohe  following  basic  lawa  have  been  established  experimentally 
for  photoelectric  emission: 

1.  Stoletov's  law.  When  a  metal  surface  is  illuminated  by  a 
light  having  precisely  the  same  spectral^,  oonqposltion,  the  nuinber  of 
electrons  escaping  in  unit  time  from  the  sxirfaoe  of  the  metal  (the 
photoeleo trio-emission  current),  is  proportional  to  the  intensity 
of  the  incident  light,  i.e. ,  to  the  light  fluzt 

i,  =  kF,  (3-5) 

where  i.  is  the  photoelectric -emission  current;  F  is  the  light 
flux;  k  is  a  coefficient  characterizing  the  sensitivity  of  the 
given  surface  to  light,  which  is  defined  as  the  ratio  of  the  photo¬ 
electric-emission  current  i^  to  the  light  flux  M,  and  is  expressed 
in/ia/lument  k  -  i^/F,  f*  a/lumen. 


Tliere  are  two  types  of  sensitivity  i  Integral  and  spectral.  By 
Integral  sensltlvy  we  mean  the  sensitivity  of  the  surface  under  Inves¬ 
tigation  to  white  light  (not  broken  down  Into  the  spectrum),  and  by 
spectral  sensitivity,  we  mean  sensitivity  to  monochromatic  light,  l.e.  , 
to  light  of  one  and  only  one  wave  length.  Spectral  sensitivity  Is  arbl- 
t:rarlly  designated  by  k^. 

The  linear  relationship  specified  by  Eq.  3-5  between  the  number  of 
photoelectrons  escaping  from  the  metal  and  the  magnitude  of  the  light 
flux  Is  explained  by  the  fact  that  an  Increase  In  the  Intensity  of  the 
light  Is  nothing  else  but  an  Increase  In  the  nusiber  of  quanta  of  radiant 
energy  making  up  this  flux,  and  making  possible  the  escape  of  electrons 
from  the  surface  of  the  metal. 

2.  Einstein's  law.  Ihe  maximum  energy  of  the  electrons  leaving  the 
surface  of  a  metal  In  photoelectric  emission  Is  a  linear  function  of 
the  firequency  of  the  light  Incident  upon  the  surface  of  the  metal,  and 
Is  Independent  of  Its  Intensity. 

Ohe  correctness  of  this  law  Is  easily  seen.  Let  us  designate  the 
energy  of  a  valence  electron  of  a  metal  by  W.  If  this  electron  re¬ 
ceives  a  quantum  of  radiant  energy  hv  In  size.  Its  energy  will  then 
equal  W  «=  hv.  Clearly,  those  electrons  may  leave  the  metal  whose  total 
energy  W  +  hp  Is  equal  to  or  greater  than  the  energy  required  for  an 
electron  to  escape  from  the  metal,  l.e.,  W  +  hp  After  leaving  the 

metal,  some  of  these  electrons  will  have  kinetic  energy  left  over,  and 
its  magnitude  may  he  detendned  from  the  equation 

+  — 
o 

The  greatest  kinetic  energy  (mv  will  be  possessed  by  those 

electrons  leaving  the  smx^ace  of  the  metal  which  while  still  in  the 
metal,  before  absorbing  the  energy  of  the  quantum,  had  a  mswlmiim 
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•nergy  whioh  th«y  r*tain  upon  aorlng  to  tho  surfaco.  On  thli  baid.i, 
wo  any  write i 

-  -  -  -  —  f 

where  W  ^  W.  »  e«^.  the  effective  wor4c  function  of  an  electron  leav- 
a  1  'o 

Ing  metal  (in  erga),  and  hr  Is  the  magnitude  of  a  quantum  of  radiant 
energy  from  momochromatlc  light. 

Equation  3-6  Is  called  the  Einstein  equation,  expressing  the 
second  law  of  photoelectric  eMsslon,  and  Indicating  that  the  maxlanm 
energy  with  which  electrons  leave  a  given  metal  depends  solely  upon 
the  frequency  of  the  Incident  light,  and  Is  Independent  of  Its  Intensity 
since  an  Increase  In  light  Intensity  Is  equivalent  to  an  Increase  In 
the  number  of  light  quanta  which  only  Increase  the  number  of  electrons 
esoaplng  the  metal,  without  affecting  their  energy. 

Equation  3-6  makes  It  possible  to  determine  the  so-called  thresh¬ 
old  frequency  at  which  and  below  which  photoelectric  emission  Is  not 
observed  at  all.  In  fact.  If  a  metal  Is  Illuminated  with  monochromatic 
light,  and  the  wave  length  Is  gradually  Increased  (or  the  frequency 
decreased),  at  a  certain  value  ^q*o/Vq/  the  energy  of  the  quantum  will 
prove  equal  to  the  wozic  funotloni  hVQ  «  ef»Q.  In  this  case,  Bq.  3*^ 
takes  the  fomi 


Consequently,  at  a  wave  length  >q  ■  Photoelectric  emission 

ceases,  nils  wave  length  Is  called  the  "threshold”  for  photoelectric 
emission,  since  with  a  further  Inorease  In  wave  length,  the  energy  of 
the  quanta  proves  to  be  less  than  the  wozic  function,  and  the  electrons 
absorbing  the  quanta  cannot  escape  from  the  metal.  At  wave  lengths 
gzmater  than  therefore,  photoelectric  emission  Is  not  observed 

-  72  - 


•▼•n  with  very  high  light  Intensity. 


Naturally,  as  teq;>eratU2^  rises,  electrons  will  appear  In  the 
netal  with  energies  greater  than  the  ■axlanitt  energy  W^,  and  their 
escape  from  the  metal  requires  only  the  absorption  of  quanta  with  low 
energies  corresponding  to  the  long  wave  length..  As  temperature  Increas¬ 
es,  therefore,  the  photoelectric-emission  threshold  shifts  toward 
longer  wave  lengths.  In  actuality,  at  room  temperature  the  nuWber  of 
such  electrons  is  small,  and  almost  no  shift  In  the  photoelectric - 
•mission  threshold  is  observed. 

Utilizing  the  relationships  'Xq  -  c/Vq  and  etpo/h,  it  is  possi¬ 
ble  to  establish  a  connection  between  the  work  function  of  a  metal 
and  the  threshold  wave  length 


where  is  measured  in  electron  volts,  andX^  in  angstroms. 

Ohe  ezpression  obtained  indicates  that  the  lower  the  work  function 
of  a  metal,  the  lower  shotild  be  the  energy  of  the  quanta  that  is  neces¬ 
sary  to  produce  photoelectric  emission,  i.e.,  photoelectric  emission 
appears  at  longer  light  wave  lengths.  Consequently,  with  metals  having 
low  wox4c  functions,  photoelectric  emission  should  be  observed  at  long 
wave  lengths.  For  example,  the  photoelectric -esd-ssion  threshold  of 
alkali  metals  (potassium,  cesium,  etc.),  lies  In  the  long  wave  portion 
of  the  spectrum. 

A  gxwq>hlo  picture  of  the  photoelectric -emission  threshold  and 
the  wave  length  regions  in  which  photoelectric  emission  takes  place 
Is  given  by  the  so-called  spectral  response  for  photoelectric  emission, 
which  takes  the  foxm  of  a  curve  representing  spectral  sensitivity 
as  a  function  of  the  light-flux  wave  length  X<  ■  f(X)*  According  to 
the  foxwla,  photoelectric-emission  spectral  response  is  classified 


Into  two  type#!  normal  and  selootlv®.  If,  from  Xq  onward,  the  sensi¬ 
tivity  of  the  metal  surface  Inoreaiaes  as  wave  length  decreases  (Fig. 
3*^,  curve  a),  the  photoelectric  emission  Is  called  noxmal.  As  a  rule, 
normal  photoelectric  emission  Is  observed  In  piure  metals  used  In  the 
form  of  cosparatlvely  thin  layen.  In  practice,  together  with  normal 
photoelectric  emission,  we  observe  the  so-oalled  selective  photoelec¬ 
tric  emission.  In  which  the  curve  of  the  sensltlvlty-wave  length  func¬ 
tion,  l.e.,  the  siMCtral  response,  has  a  slr^^le,  or  several,  maxima. 
Indicating  that  the  given  surface  has  Increased  sensitivity  to  light 
In  a  narrow  wave  length  band  3-6>  curve  b).  Selective 

photoelectric  emisalen  appears  especially  strongly  In  ecsqparatlvely 
thin,  specially  treated  films  of  alkali  metals. 


Fig.  3*^*  Fhotoemlsslon 
STOctral  response, 
a;  Normal  photoemlsslon 
response;  b)  selective 
photoesdsslon  response; 


It  should  be  kept  In  mind  that  of  the  total  number  of  light 
q:uanta  incident  upon  the  surface  of  a  metal,  only  a  o  tiall  number  of 
them  will  be  absorbed  by  electrons  that  may  later  leave  the  metal. 


Ibis  Is  explained  by  the  fact  that  the  majority  of  metals  have  a 
large  reflection  coefficient  (about  83  per  cent).  Ohus,  a  large  nusber 
of  quanta  are  reflected  from  the  surface  of  the  metal.  In  addition, 
of  the  quanta  falling  upon  the  metal,  a  considerable  nuidker  penetrate 


•  l^iaf  -  Izb  -  Izblratel  *nyy  -  selectlvej] 
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a  long  wagr  into  tho  attal  (200-300A)  and  eleotrons  oan  oioapo  tvpm  a 
iwtal  from  daptha  not  exoeedlng  oevoral  tens  of  angstrom.  As  a  result, 
a  considerable  amount  of  the  light  quanta  penetrating  the  metal  are 
alMMz%ed  by  the  metal  and  their  energy  goes  to  heat  the  setal. 

Finally,  those  electrons  which  absora  light  qiianta  do  not  always 
leave  the  metal,  owing  to  unfavorable  motion  conditions  (for  exaspl*> 
velocity  directed  to  the  interior  of  the  metal).  In  the  final  analysis, 
for  every  thousand  quanta  incident  \ipon  the  metal  sttrfaoe,  approximate-* 
ly  one  electron  escapes  from  the  metal,  i.e. ,  of  the  thousand  quanta 
incident,  one  quantum  proves  to  be  "effective.  "  Ihe  ratio  of  the  num- 
bor  of  effective  quanta  to  the  total  number  incident  upon  the  surface 
is  called  the  quantum  efficiency  or  quantum  output  for  photoelectric 
sadsaion,  and  for  pure  metals  amounts  to  a  fraction  of  a  per  cent. 

3-7«  SECOimARY  ELECTRON  EMISSION. 

A  very  important  quantity  characterizing  secondary  electron 
esdasion  is  the  secondary-emission  coefficient  a,  representing  the 
ratio  of  the  number  of  secondary  electrons  ng  liberated  from  a  metal 
to  the  number  of  priisary  eleetrons  n^  bombarding  the  metal,  or  the 
ratio  of  the  sooondary-emisaien  currant  Ig  to  the  primary-electron 
current  I^t 


, — jji _ U 

«.  “TT* 


(3-7) 


If  9  and  I^  are  known,  then  it  is  easy  to  use  Xq*  3-7  to  doter- 
adns  the  secoiwlary  emission  ourrant  J^t 


(3-8) 


Ihe  value  of  the  secondary-mdsalon  ooeffioient  o  depends  both  on  the 
l^Topmrtlmu  of  the  metals  and  the  condition  of  its  surfhoo,  and  on  the 
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▼•loolty  of  the  prlaaz7  eleotrons. 

It  has  been  established  e3q;>enaentall7  that  at  high  enoxigh  prlaary- 
eleotron  velocities^  the  mosber  of  secondary  electrons  may  considerably 
esraeed  the  number  of  primary  electrons. 

W.8*  3-7  gives  curves  showing  the  variation  of  cr  with  a  change  In 
the  velocity  of  the  primary  electrons  for  several  of  the  metals  most 
commonly  used  In  electronic  devices.  Ihe  curves  show  that  as  the  prl- 
mary*«leotrOn  velocity  Increases^  the  secondary-emission  coefficient 
rises,  reaching  a  nnnrinniiii  (cr^),  and  then  dropping  with  a  further  In- 
cmase  In  velocity;  the  maximum  values  for  the  secondary-emission  co¬ 
efficient  for  different  metals  corresponds  to  different  values  of  the 
primary-electron  velocities.  Thus,  for  exaaqple,  for  tungsten  the  maxi¬ 
mum  of  o  corresponds  to  a  prlsmiry  electron  velocity  of  800v>  while  for 
molybdenum,  it  Is  400v. 

The  appearance  of  maxima  on  the  ctirves  Is  connected  with  the  fact 
that  primary  electrons  moving  at  different  velocities  penetrate  Into  the 
metal  to  different  depths.  At  low  velocities,  primary  electrons  cannot 
penetrate  deep  Into  a  metal;  In  this  case,  the  majority  of  secondary 
electrons  are  now  fozved  by  primary  electrons  reflected  from  the  smtal. 
As  velocity  Increases,  the  primary  electrons  penetrate  deeper  Into  the 
metal  —  the  higher  the  velocity,  the  greater  the  penetration.  Within  the 
metal,  the  primary  electrons  yield  their  energy  to  the  electrons  of  the 
metal,  which,  having  obtained  this  additional  energy,  are  In  a  state 
permitting  them  to  escape  from  the  metal.  Die  greater  the  velocity  of 
the  prlanry  electrons,  the  greater  the  nuadber  of  electrons  of  the  metal 
receiving  additional  energy,  and  the  more  electrons  escaping  from  the 
Bwtal.  As  a  result,  there  Is  a  maximum  on  the  curve,  corresponding  to 
a  apeolflc  critical  velocity  of  the  primary  electrons,  and,  consequent- 


l3r«  a  ipaoifio  orltleal  d^th  for  thoir  penetration  Into  the 


S-T*  Seoondary*^alaelon 
oeeffloient  or  aa  a  funotlon  of 
prlMry-eleotron  reloolty  v. 
for  tungaten>  ■oiybdenum,  and 
niokel. 


metal  (Plg.  3“8a).  With  a  further  Increaee  In  velocity,  however,  the 
primary  electrons  penetrate  so  deep  into  the  metal  (s  that  the 

electrons  of  the  metal,  obtaining  additional  energy  at  such  a  depth, 
in  moving  toward  the  surface  collide  with  other  electrons  and  atoms, 
thereby  losing  a  portion  of  their  energy;  the  remaining  energy  is 
no  longer  adequate  for  escape  fr<mi  the  metal.  As  a  result,  the  second¬ 
ary-emission  coeffioient  begins  to  drop  with  a  further  increase  in  the 
depth  of  penetration  of  the  primary  electrons. 


I 


fig.  3*^.  As  the  angle  of  incidence 
a  and  velocity  v^  of  the  primairy 

electrons  increase,  their  path  j  in 
the  metal  lengthens,  l)  kr. 


Secondary-olectron  emission  depends  not  only  on  the  magnitude, 
but  also  upon  the  direction  of  the  primary-electron  velocity.  It  has 
been  established  experimentally  that  if  primary  electrons  strike  the 


«(jq>  -  kr  -  krlticheskiy  -  critical^ 
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irurfaoe  of  a  »»tal  along  the  perpondloular^  the  secondary  eaission 
will  be  ■axlmna.  To  the  degree  that  there  Is  an  Increase  In  the  angle 
a  between  the  nomal  to  the  surface  and  the  direction  of  the  prlnary- 
electron  velocity,  the  secondary  eaission  increases.  On  theoretical 
grounds,  it  is  assuaed  that  in  this  case  the  priaary  electrons,  strike- 
ing  the  aetal,  traverse  a  distance  s  >1^5,  (W-K*  3-^)#  but  to  a 
depth  with  respect  to  the  surface  not  exceeding  hj^.  In  traversing 
the  longer  path,  they  have  a  larger  nuiid>er  of  oollisibns  with  elec¬ 
trons  of  the  astal.  As  a  result,  a  large  nuaher  of  electrons  of  the 
aetal  obtain  additional  energy  froa  the  priaary  electrons  at  a  depth 
not  exceeding  hj^.  In  aevlng  to  the  surface,  these  electrons  of  the 
B»tal  lose  alaost  none  of  their  energy,  since  the  probability  of  a 
collision  with  other  particles  along  this  short  path  to  the  stu^faee 
is  low. 


Fig.  3-9.  Coefficient  of  secondary 
eaission  as  a  function  of  priaary- 
eleotron  velocity  Vj^  for  various 

values  of  the  angle  of  incidence  a. 

At  such  angles,  therefore,  a  large  ntoiber  of  electrons  of  the  aetal, 
obtaining  additional  energy  froa  the  priaary  electrons,  pass  through 
the  surface  of  the  aetal.  As  a  result,  the  secondary-electron  eais¬ 
sion,  and,  consequently,  the  seoondary-ealsslon  oeefflelent  as  well, 
z«aoh  a  aaxjaua  at  large  angles  «. 

Figure  3-9  gives  curves  for  9  as  a  function  of  v^  and  of  e. 

For  pure  aetals,  the  aawlawi  secondary-ealsslon  oeefflelent  Is 
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wmMllmr,  Vor  example,  for  nickel  »  =  1.35#  for  tungsten  a  -  l.4l. 

B1  A 

For  certain  dielectrics  the  aecondary-eialaalon  coefficient  la  greater 
than  for  aetala.  nma,  for  Bd.oa>  or^  =  3,  for  glass  =  3.1  (Table  3-3). 
This  Is  esqplalned  by  the  fact  that  In  dielectrics «  the  conductance  of 
the  electrons  la  very  small,  and  thus  the  secondary  electrons.  In  mov¬ 
ing  to  the  surface,  lose  nearly  none  of  their  energy  through  Inter¬ 
action  with  conduction  electrons. 

If  a  thin  layer  of  other  metals,  especially  alkali  metals.  Is 
applied  to  the  surface  of  a  pure  metal,  with  a  layer  of  oxides  of 
these  Bwtals,  then  the  coefficient  o  for  these  complex  surfaces  is 
about  ten  times  higher  in  value  than  for  the  pure  metals. 


coefficient  as  a  fuzuiticn  cf 

IJ  Metals,  dielectrics;  prlaHU7-electrcn  velocity  for 

2,  ccsltoa;  3}  nickel;  composite  surfaces. 

4,  molybdenum;  5)  tungsten; 

6;  tantalum;  7)  ulca; 

8)  glass. 

Figure  3-10  gives  curves  showing  a  as  a  function  of  primary- 
electron  velocity  Vj^  for  three  different  composite  surfaces  t  o 
increases,  evidently,  owing  to  a  decrease  In  the  work  function.  It  Is 
not  always  the  case,  however,  that  surfaces  with  low  woz4c  functions 
have  high  secondairy-emlsslon  coefficients.  For  example,  the  work 
function  of  tungsten  Is  high  -  4.6  v),  but  the  secondary-emission 
coefficient  Is  also  high  In  comparison  with  other  metals  (a  -  1.5). 

If  a  tungsten  surface  la  exposed  to  oxygen,  inereases  to  9. 23v, 
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while  the  eoeffloient  c  remeine  nearly  unehanged. 

Bspeolally  great  eeoondary-eleotron  eniaiion  ii  obtained  where 
Jli  —*5 

there  are  10  to  10  cm  thick  dleleotrlo  fllma  on  the  metal,  covered 
In  turn  by  a  thin  film  of  alkali  metal  (the  Halter  effect).  Under  these 
conditions,  secondary  electrons  escape  not  only  owing  to  prlaiary  eleo» 
trons,  but  also  owing  to  strong  electric  fields  occurring  In  a  dielectric 
layer.  Primary  electrons,  striking  the  film  of  alkali  metal,  cause  second¬ 
ary  emlaslon.  But  the  departure  of  the  secondary  electronm  from  the  film 
Is  aoooii9>anled  by  the  formation  of  positive  charges  on  the  dielectric 
surfaces;  owing  to  the  poor  conductance  of  the  dleleotrlo,  the  positive 
charges  remain  unneutrallzed  for  a  long  period  of  time.  As  a  result,  a 
strong  electric  field  appears  between  the  positive  charges  and  the  metal. 
In  the  thin  layer  of  dielectric;  owing  to  the  small  thickness  of  the 
layer,  the  field  strength  reaches  10^  v/cm.  Such  strong  fields  continue  ) 
to  draw  electrons  from  the  metal  through  the  dielectric  layer  even  after 
primary-electron  beahardmant  has  ceased  amd  thus  this  phenomenon  has 
great  persistence. 

Secondary-electron  emission  from  thin  dielectric  films  covered 
with  a  thin  film  of  alkali  metal.  In  view  of  the  great  persistence, 
h  js  received  almost  no  application,  despite  the  enormous  value  of  the 
secondary-emission  coefficient,  which  sometimes  reaches  values  of 
1000. 

Ihe  phenomenon  of  seoohdaryrelectron  emission  has  been  success¬ 
fully  employed  In  several  t3n;>es  of  electronic  devices  for  current 
amplification.  In  other  electronic  devices,  however,  spontaneously 
appearing  secondary  emission  results  In  strong  distortion  of  the 
characteristics  of  the  devloe,  and  thus  plays  a  negative  role. 


CSiapter  Ptour 

HOT  CATHOiaSS  POR  BI£CTRONIC  13BVICES 

4-1.  CLASSIPIOATION  OP  HOT  CATHOIiES. 

In  the  majority  of  electronic  devices,  a  stream  of  frae  elec¬ 
trons  Is  provided  by  thermionic  emission,  l.e. ,  from  a  heated  metal 
electrode,  vrhlch  Is  normally  connected  to  the  negative  side  of  the 
circuit,  and  Is  called  the  cathode.  The  s^st  convenient  method  of 
heatliig  a  cathode  Is  to  pass  an  electric  cxxrrent  through  It. 

Cathodes  emitting  free  electrons  when  heated  are  called  thermionic 
or  hot  cathodes. 

Modem  hot  cathodes  are  subdivided  Into  three  varieties  on  the 
basis  of  the  form  of  the  «Rlttlng  surface} 

1.  Cathodes  xnade  from  pure  metals  or  alloys  (simple  cathodes). 

2.  Pllm  cathodes,  l.e.,  metal  cathodes  having  a  one-atom  thick 
film  of  another  electropositive  metal  on  the  surface. 

3.  Oxide  cathodes. 

In  addition  to  the  division  based  upon  physical  properties,  hot 
cathodes  are  classified  Into  two  large  groups  acooirdlng  to  the  method 
by  which  they  are  heated.  Ihe  first  group  comprises  the  so-called 
directly  heated  (filamentary)  cathodes,  and  t.  second  the  Indirectly 
heated  (heater-typo)  cathodes  first  suggested  In  1916  by  aoademlelan 
A.  A.  Chernyshev. 

Pllaaent-type  cathodes  are  heated  to  the  iroz4clng  temperature  by 
passing  an  electric  current  directly  through  the  cathode  Itself,  which 
emits  the  free  electrons.  Indirectly  heated  cathodes  are  heated  by  a 
special  electrical  heater,  which,  as  a  rule.  Is  Insulated  frm  the 
cathode  Itself  either  by  an  evacuated  space,  or  by  a  special  Insulat¬ 
ing  layer  which  has  high  heat  resistance  and  excellent  mechanical 
properties. 
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In  certain  electronic  devices,  the  endasion  current  required  for 
their  operation  is  obtained  froai  so-called  cold  cathodes,  which,  unlike 
hot  cathodes,  do  not  require  a  special  heater.  A  description  of  cold 
cathodes  will  be  given  idien  we  take  iqp  electronic  devices  in  which  they 
are  utilized. 

In  recent  years,  reports  have  appeared  of  a  new  type  of  highly 
efficient  cathode,  which  is  very  similar  in  its  properties  to  cold 
cathodes,  and  as  a  result  has  been  called  a  new  type  of  cold  cathode. 

It  utilizes  the  phenomenon  of  the  persistence  of  secondary-electron 
esdssion  from  a  thin  layer  of  dielectric  (MgO)  on  nickel.  The  new 
cathode  is  brought  into  operation  with  an  expenditure  of  power  (the 
so-called  starting  power),  which  is  less  by  a  factor  of  10  than  the 
power  reqiiired  for  heating  a  standard  cathode.  Still  less  power  is 
sufficient  to  laaintain  emission  during  operation  of  a  cathode.  In  the 
first  samples  of  tubes  using  this  cathode,  the  emission  current  amounted 
to  several  dozens  of  mlcroaisperes.  In  order  to  provide  normal  tube 
operation,  however,  plate  voltages  of  not  less  than  300v  are  required. 

4-2.  CKARACTERIS'UCS  AND  PARAJ(E1!ERS  OF  HOT  CATHODES. 

In  choosing  the  most  suitable  mode  of  operation  of  a  hot  cathode, 
it  is  possible  to  utilize  the  dependence  of  the  emission  current  on  the 
cathode  teiq>erature.  It  is,  however,  quite  difficult  to  carry  out  a 
direct  measurement  of  the  cathode  temperature  in  a  manufactured  tube, 
and  especially  under  operating  conditions.  In  practice,  it  proves  more 
convenient  to  measure  and  to  monitor  not  the  temperature,  but  the  volt¬ 
age  (or  current)  used  to  heat  the  cathode,  employing  for  this  purpose 
standard  metering  equipsmnt.  Assigning  various  values  of  heating  volt¬ 
age  or  current.  It  la  possible  to  measure  the  values  of  emlBSlon 
current  correq;)ondlng  to  them,  and  on  the  basis  of  this  data  to  con¬ 
struct  a  graph  showing  emission  current  as  a  function  of  cathode  heat- 


Ing  voltage  (or  ourrent). 

The  ctirve  showing  thenid.onlo*^inlSBlon  current  as  a  function  of 
cathode  heating  voltage  ■=  heating  cunrent 

is  called  the  emission  characteristic  of  a  hot  cathode. 

Another  extremely  l^;Mn>tant  characteristic  of  a  cathode  Is  the 
heating  oharaoterl8tle>  etaqpresslng  the  cathode  heating  ciurrent  as 
a  function  of  the  heating  voltage  E_. 


Klg.  4-1.  Circuit  for  finding 
emission  and  heating  character- 
Istlos  of  a  cathode. 

1)  n;  2)  B.;  3)  p. 


Hie  emission  and  heating  characteristics  of  a  cathode  may  be 
obtained  esqperlmentally  by  using  a  circuit  consisting  of  a  plate  loop 
and  a  filament  loop  (Fig.  4-1).  Hie  filament  circuit  consists  of  the 
series -connected  zheostat  the  filament  battery  the  ammeter 
and  the  cathode  IC.  Hie  rheostat  serves  to  vary  the  heating  current 
and  voltage,  which  determine  the  cathode  temperature.  Hie  voltage 
drop  across  the  cathode  (cathode  heating  voltage)  Is  measured  with 
the  aid  of  a  voltmeter  and  the  heating  current  with  the  aid  of 

Hie  plate  loop  consists  of  a  voltage  source  B^,  potentiometer 
Rp*,  and  voltmeter  with  the  aid  of  which  the  various  values  of 
potential  difference  between  plate  and  cathode  arc  established  (plate 


•£n  -  p  -  pitanipa  -  supply^ 


vQltHse  and  tha  nilllaaaetar  iiA^  used  to  awasure  the  ealaeion 

ouzwnt.  The  fllaaent  loop  and  plate  loop  have  a  oomnon  point  at  which 
the  potential  la  arbitrarily  aasttaed  to  equal  aero.  Ihe  potentlala  of 
the  remaining  point  a  In  the  elrotxlt  are  oaloulated  with  reapeet  to 
thla  oomeon  point. 

When  a  voltage  haa  been  aet  for  the  plate,  varloua  valuea  of 
heating  voltage  (or  <mr3?ent)  are  applied,  and  the  valuea  of  plate 
ourrent  I  oorreapondlng  to  theae  heating  valuea  are  read  off  tvom. 

cl 

the  allllaBDieter  oonneoted  Into  the  plate  olroult. 

To  find  an  eadealon  curve.  It  la  neceaaary  to  make  a  proper 
choice  of  the  plate  voltage  U..  If  the  plate  voltage  la  large  enough, 
all  of  the  eleotrona  eacaplng  from  the  cathode  will  reach  the  plate. 

In  thla  caae,  the  plate  current  I_,  meaaured  with  the  aid  of  the 
■llllaaaeter,  will  eqtial  the  emlaalon  ourrent  I..  If,  however,  the 
plate  voltage  la  not  large  enough,  a  certain  portion  of  the  electrona 
o<^ng  off  from  the  cathode,  affected  by  the  rq;>ulalve  foroea  of  the 
electrona  that  have  prevloualy  left,  may  return  to  the  cathode,  and 
the  mllUaaaeter  will  ahow  a  plate  ourrent  I  that  la  leaa  than  the 

d 

emlaalon  current  I  .  With  a  proper  choice  of  plate  voltage  (ao  that  I  » 

9  d 

«  I.},  bn  the  baala  of  the  meaaured  valuea  of  plate  ourrent,  we  con- 
Btruct  the  curve  I.  ■  I.  -  the  emlaalon 

oujrve. 

With  the  aid  of  thla  aame  olroult.  It  la  poaalble  to  find  the 
heating  oharaoterlatlo  of  the  cathode.  To  do  thla,  the  voltmeter  la 
uaed  to  eatabllah  various  valuea  of  cathode  heating  voltage  U^,  and  the 
oorreapondlng  heating-ourrent  valuea  I^^  are  read  off  from  mmMter 
From  the  data  obtained,  a  heating  curve  la  oonatruoted. 

The  heating  and  emlaalon  curves  may  be  found  almultaneoualy.  If 
the  emlaalon  o\UTent  la  small  In  oomparlaen  with  the  heating  ourzmnt 


If  the  emission  current  Is  on  the  order  of  the  cathode  heating 
current,  the  ammeter  connected  Into  the  cathode  heating  circuit  will 
measure  a  current  larger  or  smaller  than  the  cathode  heating  current 
depending  upon  whether  It  Is  connected  Into  the  positive  or  nega¬ 
tive  side  of  the  heating  circuit.  In  this  case,  the  plate-voltage 
supply  circuit  must  be  opened  and  the  heating  curve  derived  separate¬ 
ly. 

To  choose  the  operating  mode  of  a  cathode.  It  Is  convenient  to 
plot  the  eadsslon  and  heating  curve  on  the  same  graph,  and  to  use  them 
to  determine  the  voltage  (or  current)  for  heating  at  which  the  cathode 
yields  the  emission  required  for  operation  of  the  tube. 

Figure  4-2  shows  sample  emission  and  heating  curves.  The  cathode 
emission  curve  essentially  represents  a  graph  of  the  law  of  thermionic 
emission  (Plg.  3-2),  with  the  sole  difference  that  Instead  of  plotting 
the  teiiQ}erature  T  along  the  X  axis,  we  plot  the  heating  voltage  or 
current,  which  determines  the  cathode  temperature.  The  curve  of 
Fig.  4-2  shows  that  the  emission  curve  begins  not  from  zero,  but  from 
a  certain  value  of  heating  voltage  U^,  at  which  the  number  of  electrons 
leaving  the  weakly  heated  cathode  Is  small,  but  all  the  same  constitutes  / 
a  noticeable  emission  current.  As  the  heating  voltage  Increases,  the 
tenqperature  of  the  cathode  rises,  and  the  emission  current  begins  to 
Increase  slowly,  but  at  an  ever  higher  and  higher  rate. 

It  also  follows  from  the  graph  of  Fig.  4-2  that  the  heating  curve 
Is  not  linear.  This  Is  explained  by  the  rise  In  the  resistance  of  the 
cathode  tdien  It  becomes  hot:  as  the  resistance  of  the  cathode  rises, 
the  heating  current  Increases  more  slowly  than  the  heating  voltage. 

In  addition  to  choosing  the  operating  mode  for  the  cathode,  the 
emission  and  heating  ciurves  make  it  possible  to  determine  the  cathode 
parameters,  l.e. ,  the  <iaantities  most  ohai«etezlstie  of  the  cathode, 
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Fig.  4-2.  Emlaslon  [1^  = 

and  heating  [1^^  =  curve* 

for  a  cathode. 

1)  n;  2)  V. 


which  determine  Its  properties. 

Ihe  basic  parameters  of  a  hot  cathode  are  the  specific  emission 
(emission -current  density)  I'  .  the  specific  heating  power  P’  ,  the 

w  11 

effectiveness  (efficiency)  H,  and  the  life  time  (service  life) 
of  the  cathode  T, 

3peolflo  emlaslon.  The  specific  emission  of  the  cathode  Is  de- 

2 

fined  as  the  magnitude  of  emission  current  obtained  from  one  cm  of 
cathode  surface  at  the  working  temperature.  Knowing  the  totsQ  emission 
current  over  the  entire  working  surface  of  the  cathode  S^,  It  la 
possible  to  determine  the  specific  emission  I'  : 

Specific  emission  Is  also  determined  from  the  thezmdop^o -emission 
equation : 

/;=/4rc  ^ 

It  follows  from  this  that  the  specific  emission  Is  a  function  of 
teiiq;>erature,  the  properties  of  the  material,  and  the  state  of  the 
oathode  stu:>faoe. 
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In  practice,  the  specific  emission  may  be  determined  If  we  know 
the  geometry  of  the  cathode  (total  working  surface),  and  the  totaQ 
emission  current,  which  may  be  found  from  the  emission  curve. 

Specific  heating  power.  In  order  to  heat  a  cathode  to  the  working 
temperature.  It  Is  necessary  to  apply  a  specific  amount  of  power  to 
It.  During  the  first  Instant  that  heating  ouzurent  Is  turned  on,  this 
power  Is  used  for: 

a)  raising  the  cathode  tenperature;  b)  the  thermal  radiant 
energy  supplied  by  the  cathode  to  the  surrounding  space;  c)  loss  of 
heat  to  the  cathode  supports  and  Insulators;  d)  creation  of  the 
Initial  kinetic  energy  of  the  electrons  leaving  the  cathode. 

When  an  eqvilllbrltim  condition  sets  In,  In  which  the  applied 
power  becomes  equal  to  the  power  lost  by  the  cathode,  the  cathode 
te>ig)erature  ceases  to  rise,  and  power  ceases  to  be  expended  upon 
heating  of  the  cathode.  From  this  moment  onward,  the  power  applied  to 
the  cathode  la  expended  solely  In  thermal  radiation.  In  loss  of  heat 
to  supports  and  Insulation,  and  In  the  energy  removed  from  the  cathode 
by  the  electrons  given  off  by  It.  Here,  the  main  portion  of  the  heating 
power  goes  Into  the  radiation  of  heat  Into  the  space  nearby,  and  this 
depends  upon  the  cathode  temperature  and  Its  Surface  properties.  The 
magnitude  of  this  power  Is  determined  by  the  Stefan-Boltsmann  law: 

(4-1) 

2 

Where  P'^  Is  the  power  radiated  by  1cm  of  cathode  surface  at  a  temper¬ 
ature  of  a  =  S-TS'lc^^^tt/cm^^^ree^  -  the  Stefan-Boltammnn  opn^ 
stemt;  •  Is  a  radiation  coefficient  depending  upon  the  surface  proper¬ 
ties  of  the  cathode.  For  an  Ideal  black  body,  6-1,  for  all  real  sur¬ 
faces,  6  Is  less  than  1. 

The  majority  of  electrons  leave  the  siu«faoe  of  a  hot  eathode  with 
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nonzero  Initial  velocltlea,  and,  consequently,  with  nonzero  Initial 
kinetic  energies.  Each  of  these  electrons  removes  an  energy  from  the 
cathode  equal  to  Its  Initial  kinetic  energy.  This  energy  removed  by 
the  electrons,  however.  Is  slight  and  amounts  to  about  5  per  cent  of 
the  total  heating  power. 

Ihe  loss  of  heat  to  supports  and  Insulation  depends  upon  the 
cathode  structure  and  the  method  by  which  It  Is  mounted.  For  a  direct¬ 
ly  heated  cathode,  mounted  on  congjaratlvely  thin  supports,  the  energy 
lost  through  the  heat  carried  off  is  slight.  For  Indirectly  heated 
cathodes,  having  considerable  contact  surfaces  with  more  massive 
supports  and  Insulators,  the  loss  may  amount  to  20  per  cent  of  the 
power  drawn  by  the  cathodes. 

It  Is  normally  assoimed  that  all  of  the  power  applied  to  a  cathode 
Is  used  up  In  radiation  and,  consequently.  Is  found  from  Eq.  (4-1 ). 

In  this  case,  the  energy  losses  due  to  cooling  by  supports  and  Insula¬ 
tion  and  by  giving  off  of  electrons  are  neglected. 

2 

Ihe  heating  power  expended  per  lorn  of  cathode  working  surface  is 
called  the  speolflo  heating  power  for  the  oathode: 

[0nt/cM*].  « 

It  Is  desirable  to  ejiq>end  as  little  heating  power  as  possible  In 
maintaining  the  working  teigperature  of  a  oathode;  the  only  way  to  do 
this  Is  to  decrease  cooling  by  supports  and  Insulators. 

Cathode  efficiency.  Ilie  oathode  effiolenoy  N  Is  the  ratio  of  the 
total  thermionic -emission  current  to  the  total  power  expended 
In  heating  the  oathode  at  the  working  temperature! 

//=»i  (4fa/m|.  (4-2) 

*^t  -  vt  -  vatt  -  wattJ] 
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In  other  words,  the  cathode  efficiency  Is  the  magnitude  of  the 
emission  current  per  watt  of  heating  power.  Evidently,  the  higher  the 
esilsslon  current  obtained  per  watt  used  In  heating  the  cathode,  the 
greater  the  efficiency,  and  the  more  economical  this  cathode.  Since 
for  a  given  material,  the  specific  esilsslon  and  specific  heating  power 
depends  solely  upon  the  cathode  temperature,  the  efficiency  also  la  a 
function  of  temperature  alone.  Actually,  If  Into  the  expression  for 
efficiency  (4-2)  we  substitute  the  values  of  the  total  emission  term 
I  ,  expressed  In  terms  of  the  specific  emission  I'  ,  and  of  the  total 
heating  power  expressed  In  tenna  of  the  specific  power  E'^,  we  ob¬ 
tain  an  equation  detexmilnlng  the  nature  of  the  dependence  of  efficiency 
upon  tesqperature  t 

As  the  tenperature  rises,  the  term  rises  more  rapidly  than 

the  term  T  drops.  It  follows  fix>m  this  that  In  order  to  Increase 
cathode  efficiency.  It  Is  necessary  to  Increase  Its  working  tempera¬ 
ture,  l.e..  It  Is  more  advantageous  to  utilize  a  cathode  at  a  higher 
temperature. 

Ihe  last  of  the  very  l]qpoz*tant  cathode  parameters  Is  the  life¬ 
time,  defined  by  the  total  continuous  cathode  operating  time  dtirlng 
which  It  provides  the  necessary  emission.  Ihe  lifetime  of  slnple 
directly  heated  cathodes  Is  normally  defined  as  the  operating  time 
during  which  emission  current  does  not  drop  below  80  per  cent  of  Its 
Initial  value.  For  various  types  of  electron  tubes,  cathode  life 
fluctuates  from  several  tens  to  several  thousands  of  hours,  dependli^ 
upon  the  type  of  tube  euid  Its  function. 

Evaporation  of  cathode  material  at  high  operating  tenqperatures 
plajrs  a  decisive  role  In  the  life  of  simple  cathodes.  Here,  more  In- 


tense  evaporation  occurs  at  the  more  highly  heated  portions.  As  a 
result,  at  the  sections,  the  cathode  diameter  decreases  more  than  at 
other  ones.  Ihe  decrease  in  diameter.  In  the  last  analysis,  leads  to 
destruction  or  overheating  of  the  cathode.  The  total  operating  time 
of  the  cathode  until  It  has  congjletely  burned  out  lo  called  the  total 
cathode  service  life.  Owing  to  a  drop  in  emission  current,  however, 
caused  by  a  decz'ease  in  the  working  surface  owing  to  a  decrease  in 
cathode  diameter,  long  before  the  cathode  has  completely  burned  out, 
it  actually  proves  to  be  unsuitable  for  service.  Thus,  the  so-called 
useful  life  has  been  established  for  simple  cathodes;  it  is  the  total 
operating  time  of  the  cathode  during  which  the  emission  current  at 
constant  heating  voltage  drops  to  a  previously  arbitrarily  established 
value.  Frequently,  the  useful  life  is  determined  by  the  total  operat¬ 
ing  time  of  the  cathode  during  which  its  diameter  in  the  very  hottest 
portion  decreases  by  10  per  cent  of  the  initial  value. 

^e  life  of  film  and  oxide  cathodes  is  basically  determined  by 
evaporation  of  the  active  layer,  resulting  in  a  loss  of  emission  by 
the  cathode,  so  that  it  becomes  unsuitable  for  service.  In  such 
cathodes,  the  active  layer  of  electropositive  materials  evaporates 
especially  vigorously  even  upon  slight  overheating.  The  life  of  ac¬ 
tivated  cathodes  is  normally  determined  ezqperlmentally,  since  theo¬ 
retical  determinations  are  difficult. 

4-3.  STRITCTDRE  OF  HOT  CATHODES. 

Hot  cathodes  of  modem  electronic  devices  are  classified  accord¬ 
ing  to  the  method  by  which  they  are  heated,  and  on  the  basis  of  their 
structure,  into  two  types:  directly  heated  cathodes  and  indirectly 
heated  cathodes.  Directly  heated  cathodes  may  in  turn  be  sisgple  or 
activated  (film,  oxide).  Structurally  speaking,  simple  cathodes  do  not 
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differ  froa  activated  cathodes.  Indirectly  heated  cathodes  are  manu¬ 
factured  solely  In  the  oxide  form. 


'± 


mm 
OO  ©0© 

e)  S)(Sf  Sf©  d)ti  ej^ 


Pig*  4-3*  Construction  of 
directly  heated  cathodes  for 
cylindrical  electrode  systems. 


Die  BliQilest  arrangement  Is  used  with  directly  heated  cathodes, 
which  take  the  form  of  a  metal  filament  (conductor),  shaped  In  various 
manners  depending  upon  the  structure  and  dimensions  of  the  other  elec¬ 
trodes  utilized  In  the  given  device.  The  simplest  design  Is  the  straight 
filament  (Plg.  4-3a),  moxinted  on  two  metal  supports  which  are  also 
utilized  to  lead  the  heating  current  to  the  cathode.  If  the  filament 
Is  long.  It  Is  made  In  one  shape  or  another  depending  upon  the  struc¬ 
ture  of  the  other  elements  (Pig.  4-31?#  c,  d,  e,  f).  Cathodes  of  this 
type  are  utilized  In  devices  having  a  cylindrical  structure,  and  are 
arranged  either  coaxially  with  the  other  electrodes,  or  with  euces 
parallel  at  equal  distances  from  the  axes  amd  from  each  other.  If  the 
fllcxment  Is  very  long.  It  takes  the  form  of  a  spiral  (Pig.  4 -3d},  or 
a  double  spli^al  (Plg.  4-3e,  f)  with  a  support  (Pig.  4-3<l,  e),  or  with¬ 
out  a  support  (Plg.  4-3f). 

In  flat  designs,  the  cathode  Is  formed  from  several  parallel 
fllamentB  arranged  In  a  single  plane  (Plg.  4-4a,  b),  or  In  the  form 
of  a  single  loop  or  several  loops  taking  the  form  of  Inverted  letters 
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Jf  or  W  (V-ahaped  and  W-ahaped),  alao  eurranged  In  a  alngle  plane 
(Plg.  4-4c,  d,  e).  Such  cathodea  are  mounted  on  two  or  aeveral  current - 
conducting  aupporta  and  maintained  In  tenalon  by  a  alngle  or  aeveral 
aprlnga.  It  la  neceaaary  to  apply  tenalon  to  a  filament  In  order  to 
eliminate  aagglng  rea\iltlng  from  lengthening  upon  heating. 

Simple  directly  heated  cathodea  are  preferably  made  of  tungaten, 
and  only  In  laolated  Inatancea  of  tantalim  or  nlobltun. 

Cathode  aupporta  may  be  of  varloua  dealgna,  depending  upon  the 
dlmenalona  and  ahape  of  the  cathode,  and  alao  upon  It a  operating  con- 
dltlona  In  the  tube.  Hie  baalc  requirement  applying  to  aupporta  la  that 
they  not  only  provide  for  the  application  of  heating  current  to  the 
cathode,  but  that  they  alao  provide  the  required  mechanical  atrength 
of  the  cathode  moiint. 


a)  ti®  e)®  ij® 

Fig.  4-4.  SilaaentB  for  planar 
electrode  ayatem. 

nie  major  drawback  to  directly  heated  cathodea  la  the  fact  that 
when  they  are  aupplled  with  alternating  current,  the  cathode  teo^era- 
tuz*e  chamgea  at  double  the  frequency  of  the  heating  current,  caualng 
aubatantlal  changes  In  ealaalon  ouz>rent,  owing  to  which  apparatus 
using  tubes  with  such  cathodes  are  subject  to  the  appearance  of  low- 
frequency  noise  (at  twice  the  AC  frequency).  Ihlok  cathodes  heat  iqp 
and  cool  down  more  slowly,  and  thua  their  teaqperature  and,  conse¬ 
quently,  emlBBlon  current  as  well  change  less  with  heatlng-eurrent 


variations  than  do  thin  oathodes.  Relatively  thick  cathodes,  however, 
may  be  utilized  only  In  power  tubes.  Only  thin  cathodes,  naturally, 
may  be  used  In  low-power  tubes. 

More  coiq>lloated  In  construction  are  heater-type  cathodes  which 
consist  of  the  cathode  Itself,  emitting  the  electrons,  and  a  heater, 
with  the  aid  of  which  the  cathode  Is  heated  to  the  working  temperature. 
The  most  common  form  of  heater-type  cathode  Is  a  hollow  metal  cylinder 
(Plg.  4-5d).  In  several  electronic  devices,  flat  rectangular  or  oval 
oathodes  are  used  (Fig.  4-5b,  c),  or  elliptical  oathodes  (Fig.  4-5d). 

In  order  to  obtain  sufficiently  narrow  electron  beams,  flat  can-type 
oathodes  of  various  heights  and  diameters  are  used  (Fig.  4>^5e,  f), 
with  emitting  surfaces  In  the  fozm  of  flat  cylinders. 


0} 

Fig.  4-5.  Heated  cathode 
designs. 


Ihe  construction  of  heaters  for  Indirectly  heated  oathodes  Is 
determined  by  the  construction  of  the  cathodes  u.  iselves.  In  which 
the  heaters  are  to  be  used.  Hie  basic  types  of  heater  designs  are 
shown  In  Fig.  4-6.  Loop-type  or  folded  heaters  with  a  small  number 
of  loops  (Fig.  4-6  a,  b),  are  utilized  for  low  heater  voltages  (up 
to  4v).  Folded  heaters  with  a  large  number  of  loops  (Fig.  4-6o),  or 
helical  heaters  (Fig.  4-6d,  e)  are  utilized  for  high  heater  voltages 
(up  to  30v). 

In  order  to  eliminate  the  effect  of  the  magnetic  field  set  up 
by  the  heater  current,  so  that  the  eleotron>4Bdsslon  current  will  not 
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be  affected,  and  In  order  to  provide  for  uniform  heating  of  the  cathode, 
double -hell cal  heaters  are  utilized  (Pig.  4-6f). 

At  high  heater  voltages,  where  long  thin  conductor  Is  used,  the 
heater  Is  made  In  the  form  of  a  double -helix  from  conductor  that  has 
been  prevloxisly  been  made  helical  (Plg.  4-6g).  In  cases  where  the 
helices  are  made  of  thin  wire,  ceramic  rods  are  used  to  give  them 
greater  strength  (they  are  also  called  supports),  as  are  tungsten 
dowels,  previously  Insulated  with  alundum,  or  alundum  tubes  with  the 
heater  spirals  Inserted  within  Or  slipped  over  these  tubes  (Plg.  4-6h), 
depending  upon  the  structure  of  the  cathodes  themselves. 

For  end-fire  cathodes,  the  heaters  are  made  In  the  foim  of  flat 
(Plg.  4-6l)  slightly  stretched  (Plg=.  4-6j)  or  short  oyllndrloaJ. 

(Plg.  4-6k)  helloes. 


t)^  *9^ 


Pig.  4-6.  Designs  of  various 
types  of  heaters  for  Indlreotly 
heated  cathodes. 


Nickel  Is  normally'  used  as  the  cathode  material;  an  oxide  layer 
Is  applied  to  the  nickel  surface.  Since  the  working  temperature  of  an 
oxide  cathode  Is  coisparatlvely  low,  nickel  proves  to  be  a  completely 
satisfactory  material  with  reQ>ect  to  Its  properties  for  manufacturing 
heaters.  In  order  to  mwlntaln  the  working  temperature  of  the  eattaode, 
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however,  the  heater  shoiild  be  at  a  higher  temperature.  Thua,  higher- 
melting  metal B  —  tungsten  and  Its  ailloya  —  are  used  In  manufacturing 
heaters.  The  heater  plays  no  direct  part  In  creating  the  thermionic 
emission  of  the  cathode. 

An  advantage  of  heater-type  cathodes  Is  that  they  are  eqxilpo- 
tentlal  devices,  since  the  value  of  the  potential  at  any  point  on  the 
surface  of  the  cathode  Is  practically  Identical.  Owing  to  large  heat 
losses,  however,  the  efficiency  of  heater-type  cathodes  Is  lower  than 
the  efficiency  of  directly  heated  cathodes.  The  thermal  lnez*tla  of  a 
heater-t3rpe  cathode  Is  large,  and  when  the  cathode  Is  In  service  this 
plays  a  positive  role,  guaranteeing  a  constant  temperature,  and  plays 
a  negative  role  when  the  cathode  Is  turned  on,  since  It  requires  15  to 
25  sec  to  heat  the  cathode  up.  The  high  thermal  Inertia  of  heater-type 
cathodes  makes  It  possible  to  utilize  alternating  current  for  heating, 
which  Is  very  advantageous  and  convenient  In  tube  operation. 

4-4.  PURB-METAL  CATHODES.  DESIONINQ  A  TUNGSTEN  CATHODE. 

As  far  as  physical  properties  are  concerned,  the  most  suitable 
metals  for  manufacturing  simple  cathodes  are  tungsten,  tantalum,  and 
niobium,  of  which  the  moat  widely  utilized  Is  tungsten.  Tantalum  and 
niobium  are  utilized  Infrequently. 

The  wide-spread  utilization  of  tungsten  for  manufacturing  cathodes 
Is  e35)lalned  by  Its  high  melting  point  (3655°K),  satisfactory  ductility 
and  malleability,  necessary  for  manufacturing  thin  conductors,  and 
excellent  constant  emission  In  time  even  under  considerable  Ion  bom¬ 
bardment,  under  which  the  operation  of  cathodes  of  other  types  becomes 
unstable. 

The  operating  temperatiire  of  a  tungsten  cathode  ranges  from 
24oo-2700^K.  In  this  teBQ>erature  range,  the  eaisslon-ourrent  density 
varies  substantially  from  0.1  to  1.5  amp/orn^,  and  the  efficiency  from 
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2  to  16  ma/watt. 

Thicker  cathodes,  1-1.  Sum  in  diameter,  as  a  rule,  are  heated  to 
higher  temperatures,  lliln  cathodes,  with  diameters  of  several  hundredths 
of  a  millimeter,  are  heated  to  temperatures  of  2400-2500°K,  since  at 
higher  tenperatures,  even  weak  atomization  of  the  tungsten  causes  a 
considerable  decrease  In  the  diameter  of  a  thin  filament,  and  this  In 
turn  leads  to  a  further  increase  In  temperature,  and  still  more  rapid 
vaporization  of  the  tungsten.  Thus,  thin  tungsten  cathodes  are  very 
sensitive  to  even  slight  ovexiieatlng,  which  results  In  a  noticeable  de¬ 
crease  In  the  emitting  surface  and,  consequently.  In  the  life  as  well. 

The  life  .  of  a  slnple' cathbde  is' defined  in:  general  form  by  the 
equation 

t  =  — 0[sec3 

where  M  Is  the  amount  of  isaterlal  evaporating  In  one  sec  from  each 
cm^  of  cathode  surface  with  the  working  temperature  unchanged  (in 
grams);  6  Is  the  density  of  the  cathode  material;  r^  Is  the  cathode 
radius  when  sez*vloe  begins  (t  »  o);  Is  the  cathode  radius  at  the 
end  of  service  (t  =  t). 

If  we  assume  that  the  life  equals  the  time  over  which  the  cathode 
radius  decreases  by  10  per  cent,  l.e.  ,  r^  ="0»>9rQ  and,  consequently, 
rQ  -  r^  -  ®*^*’o*  obtain  the  formula  first  found  by  V. I.  Volynkin: 

(4-3) 

The  value  of  N  for  various  tesperatures  of  the  cathode  Is  given 
In  special  tables.  For  tungsten,  6-19  uid,  consequently. 


1.9 


It  follows  from  formula  (4-3)  that  the  larger  the  cathode  radius 
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Vq,  the  longer  the  life  T .  For  exa)q;>le,  for  a  txuigoten  cathode  of 
radlue  rQ  =  0.004  cm,  at  a  working  te*5)erature  of  T  -  2400®K 
(M  =  0.44*  10“^  g/om^*Beo),  the  lifetime  lei 


1.9  0.004  0,0076  ,  a*  _  ,1  7Qnr  1 

i6oo-o.44-io-*  o,44  a6  —  4  790(.hrJ, 


If  the  cathode  radlue  le  Incz^aeed  to  r^  -  0.005  om,  the  life  will 


equal t 


1,9.0.005  ^  0.0095  r.nru^a»1 

3600  0^44. 10-*  o;44. as  ~O000]L»Pj« 


If,  however,  the  cathode  radlue  r^  reealne  unchanged,  but  the 
working  teoqjerature  le  raleed,  the  lifetime  will  be  greatly  ehortened. 
For  exaiiq>le,  with  r^  =  0.004  cm  and  T  «  2400®K,  the  life  will  be  4790 
hr.  For  a  cathode  of  the  eame  radlue,  but  operating  at  a  teaperature 
of  T  -  *500®!  (M  =  2.03*10“®),  the  life  will  bet 


1,9.0,004  0,0076 

■36o0.2,03.10-*  36.2,03 


I0'=»i040[hr]. 


l.e. ,  the  lifetime  hae  been  divided  by  a  factor  of  4.6. 

nie  examplee  given  Ird^cate  that  In  order  to  Inoreaee  the  life  of 
a  cathode.  It  la  beet  to  operate  It  at  ae  low  a  temperature  ae  poeel- 
ble,  and  ae  large  a  cathode  wire  ae  poeelble  ehould  be  choeen.  More¬ 
over,  the  eatabllehed  operating  mode  for  the  cathode  ehould  be  main¬ 
tained  ae  accurately  ae  poeelble,  elnce  even  Inconel derable  changee 
in  teaqperature  cauee  eharp  variations  In  cathode  life. 

Deelgnlng  a  txingeten  cathode.  Ae  le  clear  from  what  hae  been 
eald,  all  of  the  baelc  parametere  for  a  pure -metal  cathode  depend 
eolely  upon  Ite  temperature.  For  an  Ideal  cathode,  l.e.,  one  whoee 
temperature  le  oonetant  over  the  entire  length.  It  le  poeelble  to  ee- 
tablleh  a  connection  between  the  emleelon  parametere  and  the  cathode 
ge<»wtr7. 
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The  reslBtanoe  of  a  cathode  heated  to  a  given  teeperature  T  la 
detennlned  from  the  well-known  esq^reealon 


where  la  the  realativlty  of  the  cathode  eaterial,  ohm*  cm,  at  the 
given  tenqperature;  la  the  length  of  the  cathode;  d^^  la  Ita 
dlaaeter,  cm. 


Let  »  R'.  It  la  evident  that  R'  la  the  realatance  of  a 

l-cm  long  cathode  that  la  alao  1  cm  in  diameter.  Such  a  cathode  la 
called  a  unit  cathode^  and  for  auch  a  cathode^  It  la  poaalble^  by 
esqjerlment  or  by  confutation^  to  find  the  realatance^  the  power  radl'«- 
ated  by  the  aide  aurface,  and  the  enlaaion  current  aa  functlona  of 
tenferature  for  any  pure  metal. 

If  at  a  given  temperature  a  heating  current  I^  flows  through 
the  cathode^  a  power 


(4-5) 

la  Involved. 

It  may  be  aaaumed  that  the  entire  heating  power  under  ateady- 
atate  conditions  Is  used  for  radiation  from  the  side  surface  of  the 
cathode.  Ibe  radiated  power  Is 

P„ = =  P’dJ^,  *  ( 4  -6 ) 

4 

where  P'  <=  waeT  la  the  power  radiated  from  the  side  aurface  of  a 

p 

\inlt  cathode,  alnce  the  magnitude  of  Its  side  surface  lsK[cm  ]. 

It  la  clear  that  the  quantity  P',  for  a  given  metal,  depends 
solely  upon  temperature. 

Equating  the  right  sides  of  Sqa.  (4-3)  and  (4«^)  we  obtalnt 
*  [mj  -  Is  -  IsluohaywBly  -  radiated.  ] 


(4-7) 


whence,  letting  Vp »/R*  “  havei 

(4-8) 

Hie  quantity  I*  la  the  heating  current  required  to  maintain  a 
given  temperature  of  a  unit  cathode.  Juat  aa  In  the  oaae  of  the  quan- 
tltlea  P*  and  R',  I'  dependa  aolely  upon  temperature.  Equation  (4-8) 
deflnea  the  connection  between  the  cathode  heating  current  and  Ita 
diameter  at  a  given  temperature. 

Hie  connection  between  the  cathode  heating  voltage  and  the 
cathode  dlmenslona  may  be  eatabllahed  on  the  basis  of  Ohm's  lawi 

:  (4-9) 

Let  U'  designate  the  product  I'R».  Hie  quantity  TJ'  Is  the  volt¬ 
age  across  the  ends  of  the  unit  cathode,  setting  up  the  current  I' 
through  It.  Hien 

'  (4-10) 

Hila  escpresslon  la  correct  for  a  cathode  whose  teaqierature  la 
constant  over  the  entire  length  (ideal  cathode).  Practically  speak¬ 
ing,  for  real  cathodes,  the  sections  located  near  the  supports  have 
temperature  below  the  teB^}erature  of  the  central  portion  of  the 
cathode,  owing  to  cooling  by  the  massive  supports.  Figure  4-7  shows 
the  distribution  of  tesqperature  along  a  cathode  that  Is  fastened  at 
two  points.  Hie  higher  the  maximum  temperature  of  the  cathode,  the 
snre  uniform  the  teiiQierature  distribution  along  the  length. 

Hie  working  tesperature  of  a  cathode  Is  considered  to  be  Its 
temperature  at  the  very  hottest  spot.  To  provide  such  a  temperature. 
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a  heating  current  whose  magnitude  Is  determined  aooording  to  Eq.  (4*^) 
should  flow  through  the  oathode. 

The  voltage  that  must  be  applied  to  the  ends  of  a  real  oathode 
in  order  to  force  the  required  heating  current  through  it  shotild  be 
less  than  for  an  ideal  oathode,  since  the  oathode  resistance  is  de~ 
oreased  due  to  the  cooled  sections.  The  magnitude  of  the  heating 
voltage  for  a  real  cathode  wmj  be  foimd  by  decreasing  the  value 


Fig.  4-7*  Saaqple  graph  of  the 
distribution  of  temperature 
over  a  directly  heated  oathode 
fastened  at  two  points. 

1'*  2’ 

3)  oathode. 


Fig.  4>^.  Types  of  mounting  for 
a  loop  filament. 


the  quauitity  nAU,  where  n  is  the 


calculated  for  an  ideal  cathode  by 
number  of  cooled  sections  of  the  oathode,  and  A  IT  is  a  oormction  for 
the  decrease  in  cathode  resistance  owing  to  the  cooled  portions.  For 
tungsten  cathodes,  the  quantity  AU  may  be  fotmd  on  the  basis  of  the 
following  foxfmulai 


'  Af/=0,00013(r,  -400).  (4-11) 

Then  the  true  voltage  for  heating  a  real  oathode  will  be 


1  £/ 


^-nW. 


(4^2) 
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For  V-shaped  fllaaents,  n  will  equal  three  where  the  top  of  the 
loop  Is  fastened  to  a  thin  spring  (Plg.  4-8a).  Where  the  top  portion 
of  the  loop  Is  fastened  to  heavy  supports  (Plg.  4-8b),  n  =  4. 

In  order  to  conqpute  the  emission  from  a  real  cathode,  the  concept 
of  Its  effective  length  Is  Introduced.  Hie  effective  length  of  a  real 
cathode  Is  defined  as  the  length  of  that  Ideal  cathode  whose  tesqpera- 
ture  equals  the  working  temperature  of  the  real  cathode,  and  which 
gives  the  same  emission.  Clearly,  the  effective  length  of  a  cathode 
Is  less  than  Its  actual  length.  Ohe  effeotlve  length  of  a  oathode  may 
be  determined  from  the  formula 

I  -(^**13) 

Ihe  correction  depends  upon  the  tenqperature,  diameter,  and 
material  of  the  cathode.  For  a  tungsten  oathode,  the  quantity  1  Is 
confuted  In  aoooz^lanoe  with  the  formula 

'  A/  =  2.72-^,  (4-14) 

where  P(T)  is  a  ten?)erature  function.  Determining  the  effeotlve 
length  of  a  cathode,  we  may  easily  compute  the  value  of  the  emission 
by  multiplying  the  value  of  the  specific  emission  at  the  given  temper¬ 
ature  by  the  effeotlve  surface  of  the  oathode,  equal  to  ftdjp  l^ff » 

Ihe  parameters  I',  R',  P',  TT'  for  a  luilt  oathode,  as  well  as 
other  quantities  needed  for  designing  a  oathode,  the  efficiency  H, 
the  specific  emission  I*  ,  the  evaporation  rate  N,  and  the  function 
F(T},  are  given  for  timgsten  In  !Dsble  4-1. 


*  [S^  -  ef  -  effektlvnyy  -  effeotlve  -  eff.  ] 
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TABLE  4-1. 


r.  'K 

a/eu'lt 

u>0 

t/CJl'It 

P‘9 

tmlcm* 

//.# 

ual»m 

M,  ilcM‘-en 

FiT} 

altM» 

2  300 

1  319 

0,1124 

148,2 

85,22 

0,86 

7.8-l0-» 

0,352 

0,041 

2400 

1  422 

0,1275 

181,2 

89,65 

2,0 

4,310->* 

0,375 

0,116 

2  500 

1526 

0,1436 

219,3 

94,13 

4,3 

2,03-10-* 

0,399 

0,298 

2  600 

1632 

0,1611 

263,0 

98,66 

8,55 

8.4-10-' 

0,422 

0,716 

2700 

1  741 

0,1797 

312,7 

103,22 

16,4 

3.210-* 

0,446 

1,631 

1)  IS  an5)/om^/^;  2)  0S 

3)  PS  watt/cm^j  4)  RS  ohm*  cm*  10°; 

5)  H,  ma/iratt;  6)  M,  g/om  ‘••c; 

7)  aaqp/em^. 

It  should  be  noted  that  the  data  for  the  evaporation  of  tungsten 
(the  quantity  M)  are  not  accurate,  since  the  rate  of  evaporation  of 
ttingsten  to  a  large  degree  depends  upon  the  purity  of  the  metal  and 
Its  structure. 

Ohe  Initial  data  for  designing  a  tungsten  cathode  are  normally 
the  heating  voltage  the  cathode  emission  I^,  and  the  service  life 
(lifetime)  T  of  the  cathode. 

DeteiTnlnatlon  of  the  opei^tlng  temperature  Is  the  first  step  In 
designing  a  cathode.  The  following  method  may  be  employed  to  make  a 
proper  choice  of  the  temperature.  Equating  the  values  for  the  cathode 
diameter  from  formulas  (4-3a)  and  (4-8),  we  obtalni 

-.2^-10*.  (4-16) 

\r)  —2.64 

For  emy  temperature,  the  heating  power  may  be  determined  as  the 
ratio  of  the  cathode  emission  to  the  efficiency  at  this  temperature, 
p  =  I  /H.  Hence  the  heating  current  Is  1^^  »  ^n^^n  “  ^e^^n^* 
tutlng  this  value  for  the  current  Into  fonmla  (4-16)  and  oairrylng 
through  the  bookkeeping,  we  obtains 

_4,29  I0-* 

/-ISJU* 
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(4-17) 


C 


All  of  the  quantities  In  the  denoialnator  of  the  right  side  of 
this  equation  depend  solely  upon  the  cathode  tempei^ture.  Letting 
ijf(T)  stand  for  the  right-hand  side  of  the  equation,  vre  are  able  to 
flnd‘4'(T)  as  a  function  of  teB5)erature,  using  the  known  parameters  of 
the  tungsten  cathode.  Figure  4-9  shows  a  graphical  representation  of 
the  relationship  between  In  V(t}  o  and  the  operating  teiQ)erature  of 
the  cathode. 

Cionaequently,  Eq.  (4-1?)  may  be  rewritten  as  follows  i 

f 

I 

I  3^ 

!  ='9{T).  (4-17a) 

I 

\ 

We  find  “VC T)  from  the  given  values  of  heating  voltage,  emission 
current,  and  service  life,  and  from  the  graph  we  find  the  value  of 
temperature  that  corresponds  to  this  value  of 

In  designing  a  real  cathode,  the  Initial  emission-current  value 
should  be  multiplied  by  the  factor  m,  which  takes  Into  account  the 
loss  of  emission  owing  to  cooling  at  the  ends.  Ihls  factor  depends 
upon  the  cathode  temperature  distribution,  emd  differs  for  various 


I^g.  4-9>  Qraph  for  choosing  the 
operating  tenperature  of  a  tungsten 
cathode. 

1)  log. 
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cathode  designs,  dimensions,  and  mounts.  It  Is  accurate  enough  to 
asstime  m  =  1  +  0. 15  n  (n  Is  the  number  of  cooled  ends). 

Consequently,  It  Is  necessary  to  substitute  the  ealsslon  current 
ml  Into  Eq.  (4-17a). 

For  the  cathode  teiq>erature  fotind,  the  cathode  diameter  Is  de¬ 
termined  In  accordance  with  formula  (4-3a). 

d,  =  3.79.10>tAf.  (4-18) 

If T expressed  In  hours,  and  M  lag/cm  'see,  the  diameter  turns 
out  to  be  in  centimeters. 

Confuting  the  cathode  diameter.  It  Is  possible  to  find  the  magni¬ 
tude  of  the  heating  current  from  formula  (4-8). 

The  cathode  length  Is  determined  from  a  formula  derived  from 
Eq.  (4-12)  I 


+  (4-19) 

In  determining  the  cathode  geometry.  It  Is  necessary  to  check 
the  magnitude  of  the  emission  current.  To  do  this,  we  ooaqpute  the  ef¬ 
fective  cathode  length  from  Eq.  (4-13).  Hie  calculated  emission 
current  Is  defined  as  the  product  of  the  specific  emission  at  the 
operating  temperature  and  the  effective  cathode  surface t 


Die  calculation  Is  assiuned  to  satisfy  the  Initial  conditions  If 


Ie<  "ep- 


4-5.  FILM  CATHODES.  DESIGNINQ  A  CARBIIS-TRBATED  CATHODE. 

Hie  most  common  of  the  thermionic  film  cathodes  are  the  thorlated 
carbide -treated  timgsten  cathodes.  Die  feature  of  these  cathodes  Is 
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the  preaence  of  a  one -atom-thick  film  of  thorium  which,  decreasing 
the  work  function,  ponalts  an  Increase  In  the  thermionic  emission. 

The  thorlated  cathode.  A  thorlated  cathode  consists  of  a  wire 
manufactured  from  pow(Saw*  tungsten  containing  about  1.5  per  cent 
thorium.  An  Increase  or  decrease  In  the  thorium  oxide  content  Is  un¬ 
desirable,  since  with  an  excess  of  thorium,  the  wire  becomes  brittle, 
and  a  low  thorium  content  may  prove  Inadequate  to  provide  stable 
emission. 

At  a  teii5)erature  of  2600°K,  a  thorlated  cathode  yields  the  same 
emission  as  does  pure  tungsten.  This  Is  e3q>lalned  by  the  fact  that 
this  temperature  Is  not  sufficient  for  the  formation  of  an  atomic 
film  of  thorium  on  the  surface  of  the  wire;  to  obtain  ouch  a  layer, 
the  cathode  must  be  subjected  to  so-called  activation.  For  this  pur¬ 
pose,  the  cathode  Is  baked  In  a  vacuum  at  a  temperature  of  2800^K 
for  1-2  min.  At  this  tenqperature,  the  thorium  begins  to  be  reduced, 
with  the  foxuatlon  of  pure  thorium,  which  diffuses  to  the  surface  of 
the  cathode,  but  which  evaporates  from  It  at  this  ten?)erature.  Next, 
the  te]rq)erature  Is  dropped  to  2100-2200^K,  and  the  cathode  baked  at 
this  tenqperature  for  15-20  min.  With  this  heating,  reduction  of  the 
thorium  oxide  ceases,  but  the  previously  formed  th^  'lum  atoms  continue 
to  migrate  to  the  surface  of  the  cathode;  thus,  a  g  ^^ater  number  of 
thorium  atoms  appear  on  the  cathode  than  evaporate  from  It.  As  a 
result,  a  monatomic  film  of  thorium  Is  fonned  on  the  cathode.  A  film 
several  atomic  layers  thick  cannot  form,  since  at  these  temperatures 
tungsten  strongly  retains  only  those  thorium  atoms  that  are  located 
directly  on  Its  stirfaoe. 

nie  work  function  of  a  thorlated  cathode  when  Its  surface  Is 
completely  covered  with  a  one-atom-thick  layer  of  thorium  Is  2.6  ev, 
l.e.  2  ev  less  than  the  wox4c  function  of  pure  ttuigsten. 


lliorlated-tungBten  oathodea  operate  at  tenperatures  of  1800- 
1900®K.  At  these  temperatures,  their  efficiency  amounts  to  25-40 
ma/watt,  while  at  the  same  time,  the  efficiency  of  pure  tungsten 
cathodes  working  at  tesperatures  of  2400-2700°K  amounts  to  only  2-15 
ma/watt.  Thus,  thorlated  cathodes  are  at  least  four  times  as  efficient 
as  tungsten  cathodes. 

Hie  service  life  of  a  thorlated  cathode  Is  determined  by  the 
time  required  for  the  thorium  surface  film  to  be  destroyed,  result¬ 
ing  In  a  decrease  In  the  proportion  of  the  surface  covered  by  the 
film.  Hils  phenomenon  Is  caused  by  the  gradual  depletion  of  the  re¬ 
serves  of  thorium  In  the  tungsten  owing  to  evaporation.  >lhen  this 
happens,  the  number  of  thorium  atoms  diffusing  to  the  cathode  surface 
proves  to  be  less  than  the  number  evaporating.  In  addition,  diffusion 
of  the  thorium  atoms  to  the  surface  Is  Impeded  by  the  growth  of  tung¬ 
sten  crystals  at  the  working  temperature  of  the  cathode. 

A  serious  drawback  with  a  thorlated  cathode,  caused  by  the  weak 
association  of  the  thorium  atoms  with  the  tungsten  surface.  Is  Its 
great  sensitivity  to  overheating  and  Ion  bombardment.  Under  a  brief 
thermal  overload,  only  the  surface  film  of  thorium  evaporates,  and 
cathode  emission  may  be  restored  by  reactivation.  With  extended  over¬ 
heating,  both  the  surface  thorium  and  the  deep  thorium  are  driven 
off,  and  the  cathode  cannot  be  restored. 

Destmctlon  of  the  thorium  film  by  Ions  of  residual  gases  occurs 
when  there  are  electrical  fields  In  the  tube  that  are  strong  enough  to 
accelerate  the  Ions  to  considerable  velocities.  At  plate  voltages 
above  300  v,  cathode  destruction  owing  to  Ion  bombardment  becomes 
appreciable.  Hiese  thorlated-cathode  faults  limit  the  applications 
of  this  cathode.  Almost  no  thorlated  cathodes  are  utilised  In  electron 


tubes. 


!I!he  oarblde “treated  cathode.  Studies  of  the  thorlated  cathode 
have  shown  that  Its  life  Is  Increased  and  emission  becomes  more 
stable  If  the  thorlated  tungsten  Is  carbide -ti^eated,  l.e.>  part  of 
the  tungsten  Is  converted  Into  tungsten  carbide  (WgC)  by  heating  the 
cathode  before  It  Is  activated  In  vapors  of  any  hydrocarbons  (m^htha- 
lene,  gasoline,  etc. )  at  a  tesqperature  of  1600®K.  When  this  Is  done, 
the  vapors  In  contact  with  the  surface  of  the  hot  tungsten  dissociate. 
Hie  carbon  forming  combines  with  the  tungsten.  As  a  result,  a  tungsten 
carbide  Jacket  forms  on  the  cathode.  With  con^ilete  carbide -formation. 
In  which  all  of  the  tungsten  Is  converted  Into  tungsten  carbide,  the 
cathode  becomes  very  brittle  and  unfit  for  working.  Thus,  the  carbide - 
treatment  process  Is  nomally  halted  when  the  carbon  content  of  the 
tungsten  reaches  0.2-0. 5  per  cent  (the  tungsten  Is  sheathed  with 
tungsten  carbide),  and  then  the  material  Is  activated.  In  a  manner 
similar  to  the  way  In  which  a  thorlated  cathode  Is  activated.  It  Is 
easier  to  activate  a  carbide-type  cathode,  however,  since  the  thorium 
Is  reduced  from  the  oxide  not  Just  by  the  tungsten,  but  chiefly  by  the 
carbon I 


ThO,-f.2C  =  Th  +  2CO. 

The  atoms  of  thorium  app^  '^ng  In  the  process  of  cathode  activa¬ 
tion  migrate  to  the  surface  and  form  a  monatoislo  film,  which  Is  locat¬ 
ed  not  upon  the  p  e  tungsten,  as  In  the  case  of  a  simple  thorlated 
cathode,  but  on  the  tungsten  carbide. 

The  active  thorium  film  Is  more  strongly  held  on  the  tungsten 
carbide  surface  thsui  on  the  surface  of  pure  tungsten.  Thus,  at  pre¬ 
cisely  the  same  teiqwrature,  the  evaporation  of  thorium  takes  place 
several  times  more  slowly  from  the  tungsten  carbide  sxirface  than  from 
a  pure  tungsten  surface,  which  permits  a  oeirtaln  Increase  In  the 
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working  ten5)erature  of  the  carbide  cathode  (up  to  1950-^000®K) ,  and  a 
rise  In  efficiency  up  to  50-70  ma/watt  with  a  lifetime  of  from  1000 
to  3000  hr.  In  addition,  for  the  same  reason,  the  active  layer  of 
thorium  In  a  carblde-tTpe  cathode  Is  less  sensitive  to  overheating  and 
to  the  effect  of  high  plate  voltage.  These  advantages  make  It  possi¬ 
ble  to  utilize  a  carbide-  type  cathode  In  hlgh-power  oscillator  tubes 
with  plate  voltages  of  several  kilovolts,  and  In  low-  and  medium- 
power  oscillator  tubes. 

Designing  a  thorlated  carbide  cathode.  In  conqparlson  with  pure 
tungsten,  the  resistance  of  the  wire  and  the  radiating  ability  of  a 
thorlated  oarblde-type  cathode  are  greatly  decreased,  owing  to  car- 
bxurlzatlon  and  the  formation  of  tungsten  carbide. 

The  change  In  these  quantities  depends  upon  the  carbon  content 
of  the  tungsten,  which  Is  difficult  to  determine  with  any  great  ac¬ 
curacy.  As  a  rule,  a  carbide-type  cathode  la  designed  for  a  temper¬ 
ature  of  2000^Kj  It  Is  assumed  that  the  tungsten  carbide  occupies 
30  per  cent  of  the  cross -sec tlonsd  area  of  the  cathode  wire.  This  Is 
the  optimum  ratio  of  tungsten  carbide  to  piire  tungsten.  With  this 
ratio  and  a  temperature  of  2000°K  It  Is  possible  to  determine  all  of 
the  quantities  needed  for  design  purposes. 

The  efficiency  of  a  oarblde-type  cathode  at  a  tempezmture  of 
2000^K  may  be  taken  as  53-65  ma/watt.  From  this,  and  the  given  value 
of  cathode  emission  current,  the  cathode  heating  power  and  current 
are  found. 

Determining  the  cathode  heating  current,  we  may  find  Its  dia¬ 
meter  from  formula  (4-8).  The  heating  current  for  a  unit  oarblde-type 
cathode  at  a  teiqMrature  of  2000^K  Is  1022  a^>/om^^^.  The  cathode 
diameter  Is  foiuid  from  the  following  relationship: 
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(4-21) 


|rf,  =  0,99.10-/f{cjt|. 

The  resistance  of  a  unit  caj?blde-type  cathode  at  2000®K  Is 
“  88’10"^  ohm*  cm.  Since  the  cathode  resistance  la  R  = 
setting  It  equal  to  the  Ohm's-law  resljtance^  we  obtain t 


(4-22) 


where  the  Ohm's  law  resistance  Is  R  =  U  /l  . 

n  n 

In  designing  a  real  cathode,  the  channel  voltage  should  be  In¬ 
creased  by  a  correction  allowing  for  the  drop  In  cathode  resistance 
due  to  cooling  at  the  supported  ends.  At  a  tenqperature  of  2000®K,  the 
correction  for  each  cooled  end  IsAU  =  0.21  v.  Reai*ranglng  Bq.  (4-2l) 
and  substituting  In  the  value  of  «‘k>  we  obtain  an  expression  for  the 
length  of  the  cathode: 


/  =  1.13-  dl  \cm\.  (4-23) 

*  'll 

In  this  expression,  the  voltage  Is  In  volts,  the  heating  current 
In  aiqperes,  and  the  cathode  diameter  In  centimeters. 

4-6.  OXIDE  CATHODES. 

!Ihe  basic  type  of  cathode,  which  has  large  thermionic  emission 
at  comparatively  low  teaperatures.  Is  tlie  so-called  oxide  cathode, 
which  takes  the  form  of  a  metal  base  to  which  Is  applied  a  layer  con¬ 
sisting  of  a  mixture  of  oxides  of  the  alkali  metals  Ba,  Sr,  and  Ca 
with  a  small  aawunt  of  pure  barium  (Fig.  4-10).  It  has  been  established 
that  In  oz>der  to  obtain  any  considerable  thermionic  emission.  It  Is 
necessary  to  have  pure  barium  both  within  and  on  the  surfaoe  of  the 
oid.de  layer. 
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Fig.  4-10.  structure  of 
an  oxide  •^touted  cathode. 

Olie  high  theruionic  emiaalon  of  the  oxide  >-coated  cathode  was  firet 
observed  in  1904  in  an  investigation  of  the  oxides  of  baritqa,  strontium, 
and  calcium,  applied  to  platinum  and  subjected  to  appropriate  heat  and 
electrical  treatment.  At  the  present  time,  oxide-coated  cathodes  are 
manTifactured  in  the  following  manner,  nie  metal  base,  also  called  the 
core  or  base  Isiyer,  is  covered  with  a  layer  of  carbonates,  alkali- 
earth  metals  (carbonates)  BaCO^,  SrCO^,  and  CaCO^.  Modem  oxide-coated 
cathodes  are  covered  with  either  a  triple  carbonate  consisting  of  a 
mixture  of  barium,  strontixun,  and  calcium  carbonates  in  various  per 
cent  ratios,  or  with  a  double  carbonate  consisting  of  a  mixture  of 
barium  and  strontiiim  carbonates.  Si]iQ)le  carbonates,  for  exanqple,  barium 
carbonates,  are  not  utilized.  For  piirposes  of  application  to  the  metal 
base  layer,  suspensions  of  the  given  carbonates  are  prepared  in  an  or¬ 
ganic  liquid,  or  in  water  with  the  addition  of  a  binding  material  (bind¬ 
er).  Several  methods  are  in  use  for  applying  the  suspension  to  the 
metal  base  layer.  Die  sinqplest  method,  but  a  method  that  is  already 
obsolete,  is  to  spread  the  material  on;  this  method  is  utilized  only 
in  isolated  oases.  A  Boz*e  modem  method  is  the  method  of  dipping  or  of 
pulling  the  core  through  the  suspension.  Diese  two  methods  are  utilized 
chiefly  in  manufacturing  directly  heated  filaments.  In  I4>plying  a  sus¬ 
pension  to  indirectly  heated  cathodes,  it  is  preferable  to  utilize  the 
so-called  method  of  atomization  (spraying),  which  makes  it  possible  to 
obtain  a  layer  that  is  sufficiently  unifona  throughout  its  thickness. 
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Finally,  there  is  a  last  method  for  applying  a  suapenalon,  the  method 
in  which  the  carbonates  are  applied  to  the  base  layer  by  the  motion  of 
charged  colloidal  particles  of  the  carbonate  In  a  constant  electric 
field,  and  their  deposition  on  the  base  layer  (cataphoresls).  !IhlB 
method  makes  It  possible  to  obtain  very  thin  (to  0.5  micron)  dense 
coatings. 

After  application  of  the  suspension,  the  cathode  Is  mounted  In 
the  device  and  subjected  to  appropriate  heat  treatment  in  vacuum,  with 
continuous  exhausting  of  the  evolving  gases.  In  order  to  break  the 
carbonate  down  to  the  oxides,  the  cathode  Is  heated  to  a  tenqperature 
of  1500-1600°K.  Ihe  heatlng-^p  process  Is  carried  out  gradually,  since 
with  a  sharp  change  in  temperature,  owing  to  nonuniform  heating  up  of 
the  core  and  the  oxide  layer,  the  oxide  layer  will  flake  off.  At  temper- 
atxires  of  1500»l600°K,  the  carbonates  are  transformed  Into  oxides  of 
the  alkali ~earth  metals  aocom>anled  by  liberation  of  earbon  dioxide, 
whloh  Is  exhausted  from  the  devlcot 

i  BaCO,-»BaO  +  COr 

Hie  oxide  layer  thus  obtained  yields  almost  no  noticeable  ther¬ 
mionic  emission,  since  within  the  layer,  and  on  Its  surface,  there  are 
no  free  barium  atoms.  Hius,  further  treatment  of  the  cathode  Is  designed 

to  partially  reduce  the  barium  from  Its  oxide.  Hils  Is  done  by  heating 

o 

the  cathode,  using  a  teiqierature  of  1200  K,  and  simultaneously  causing 
emission  current  to  flow,  using  a  positive  voltage  on  the  plate  on 
the  order  of  100-200  v.  When  this  Is  done,  the  barium  Is  reduced  both 
as  a  result  of  chemical  Interaction  with  active  Isqpurltles  In  the  base 
material,  and  owing  to  electrolysis  of  barium  oxide  owing  to  the 
passage  of  the  emission  current  through  the  oxide  layer. 

Hiere  are  always  ohemioally  active  li^urltles  suoh  as,  for 


•xaaple,  silioon,  magnesiiua,  and  alxunlntim  present  in  the  grades  of 
nickel  used  for  a  base.  Thu8>  at  teniperatures  of  1200®K,  chemical  re¬ 
actions  take  place  vrlth  the  formation  of  pure  barium  in  the  oxide 
layer.  Of  course,  when  this  Is  done,  oxides  of  the  SlOg  type  form  at 
the  base-layer  —  oxide-layer  Interface,  which  noticeably  Increases  the 
resistance  facing  the  emission  current.  Ihls  effect  Is  particularly 
substantial  In  cathodes  operating  In  pulse  mode  with  large  emission 
currents  being  taken  off  the  cathodes.  Uius,  for  oxide-coated  cathodes 
In  pulsed  operation,  nickel  of  high  chemical  purity  Is  utilized. 

In  addition,  barium  reduction  may  occur  as  a  result  of  the  Inter¬ 
action  of  oxides  with  the  carbon  monoxide  liberated  In  the  layer  when 
the  binder  Is  burned  off. 

The  positive  barium  Ions  that  form  upon  electrolysis  of  the  oxides 
migrate  to  the  surface  of  the  base  layer  under  the  Influence  of  the 
electric  field;  here  they  are  neutralized,  and  then  diffused  throvigh- 
out  the  oxide  layer,  and  to  Its  surface.  Reduction  of  barium  owing  to 
electrolysis  of  barium  oxide  occurs  through  a  reaction  of  the 
IsaO- Ba  +  dtype.  Ihe  oxygen  that  evolves  Is  either  exhausted  from  the 
device,  or  absorbed  by  a  getter.  After  the  cathode  has  been  activated. 
It  Is  subjected  to  so-called  aging.  In  irtxlch  It  Is  placed  under  com- 
l>aratlvely  large -load  conditions  for  a  relatively  long  period  of  time. 
During  the  aging  process,  there  Is  additional  activation  of  the  cathode 
by  the  plate  current,  and  equalization  of  the  distribution  of  barium 
atoms  with  respect  to  the  volume  and  surface  of  the  oxide  layer  takes 
place.  As  a  result  of  aging,  cathode  operation  becomes  more  stable. 

This  Is  also  facilitated  by  the  additional  outgasslng  of  other  elec¬ 
trodes  due  to  electron  boid)ardment  during  aging.  In  this  case,  the 
thermionic  emission  first  drops  somewhat  owing  to  poisoning  of  the 
cathode  by  gases  evolving  from  the  other  electrodes,  but  later  the 
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•■iBslon  again  IncraaaaBj  and  by  the  end  of  aging  reaches  a  stable 
value. 

Qhe  base-layer  Material  proves  to  have  a  strong  Influence  on  the 
enlBSlon  of  an  oxide -coated  cathode.  The  base  layer  of  an  oxide -coated 
cathode  should  be  stable  at  the  operating  tessera ture«  and  at  the 
tengjerature  utilized  In  treating  the  cathode.  This  requirement  Is  met 
by  metals  having  high  melting  points  and  low  rates  of  dispersion.  In 
addition,  the  base  layer  of  an  oxlde-ooated  cathode  should  have  a 
favorable  effect  upon  cathode  emission.  This  requirement  may  be  met  by 
metals  that  contain  chemically  active  Ijqjurltles  and  admixtures  that 
aid  activation  of  the  cathode,  finally,  heat  treatment  of  the  cathode 
should  result  In  good  outgasslng  of  the  base -layer  material. 

At  the  present  time,  bases  for  oxide-coated  cathodes  are  manufac¬ 
tured  almost  exclusively  from  nickel  and  tungsten.  Nickel  Is  utilized 
for  the  base  layeM  of  Indirectly  heated  oxide  cathodes  and  coated  fila¬ 
ments  In  the  form  of  relatively  thin  wires  and  ribbons.  The  base  layers 
of  thin  oxide-coated  filaments  are  normally  made  of  tungsten,  sometimes 
first  coated  with  a  thin  layer  of  an  alloy  of  copper  with  6  per  cent 
aluminum  (aluminum  bronze).  13ie  presence  of  the  thin  layer  of  bronze 
on  the  surface  of  the  tungsten  base  layer  protects  the  tungsten  against 
oxidation  when  It  Is  heated  In  a  furnace  with  the  applied  suspension 
of  carbonates.  With  the  cataphoretlc  method  for  applying  carbonates. 

It  Is  not  necessary  to  bronze  the  base  layer. 

nie  low  woz4c  function  of  an  oxide  cathode  (about  1.1  ev)  makes 
It  possible  to  obtain  large  thezmlonlo  emission  (0.3-0. 3  amp/cm^)  at 
comparatively  low  operating  temperatures  (900-1150^IC).  Here  the  ef¬ 
ficiency  of  well -activated  oxide  cathodes  aanunts  to  60-100  ma/watt, 
and  the  lifetime  to  1000-1300  hr  and  more.  Ihe  life  of  an  oxide  cathode 
depends  basically  upon  three  factozat  the  formation  of  a  barrier  layer 
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at  the  baee-aetal  —  oxide  interface,  poisoning  of  the  cathode,  and 
dea traction  of  the  oxide  layer. 

T])?on  extended  service  of  the  cathode,  there  may  form  at  the 
base-material  —  oxide  coating  Interface  an  intermediate  layer  of  a 
chemical  compoiind  of  oxides  with  active  inqpxiritieB  of  the  base  material  t 
silicon,  alominum,  titanium,  magnesium,  etc.  OMs  congpound  may  have  the 
fozmi,  for  example,  of  BagSiO^.  Such  a  layer  has  very  high  resistance 
and,  consequently,  causes  a  deterioration  in  the  conditions  for  taking 
current  off  from  the  cathode.  The  intermediate  layer  has  the  nature  of 
a  semi -conductor,  i.e.,  its  resistance  rises  as  the  temperatuzm  drops. 
Thus,  the  intermediate  layer  makes  itself  felt  especially  strongly 
when  the  cathode  is  operated  underheated. 

The  mechanism  for  the  formation  of  a  barrier  layer  has  not  been 
sufficiently  studied;  ejq)erlment8  show,  however,  that  it  will  grew  more 
rapidly  in  cathodes  operating  at  high  temperatures. 

Poisoning  of  an  oxide -coated  cathode  is  connected  with  the  appear¬ 
ance  on  the  cathode  during  the  process  of  its  operation  of  materials 
combining  with  free  barium.  The  substances  may  appear  owing  to  libera¬ 
tion  of  gases  from  the  parts  of  devices  when  they  are  heated.  The  most 
dangerous  gases  for  an  oxide -coated  cathode  are  oxygen  and  the  halogens. 
The  dusting  of  oez>tain  metals  on  the  cathode,  in  particular  gold  and 
free  copper,  which  form  a  solid  solution  with  barium,  may  also  lead 
to  poisoning. 

Destruction  of  the  oxide  layer  occurs  owing  to  nonuniformity  in 
the  emission  properties  of  the  cathode  surface.  VOiere  a  considerable 
asK>unt  of  current  is  drained  from  the  cathode,  its  entire  surface  is 
not  Involved,  but  only  the  well  activated  portion.  The  great  current 
passing  through  these  sections  causes  local  ovezheatlng  of  the  layer, 
which  isay  lead  to  its  destraction.  This  effect  occurs  egpeeially 
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vigorously  at  a  lower  cathode  temperature,  where  the  realAtcmee  Of-ihe 
oxide  layer  Is  high  and,  consequently,  a  great  deal  of  power  Is  In¬ 
volved  when  the  current  is  passed  through  the  layer. 

A  sezd.ouB  drawback  to  an  oxide  cathode  Is  the  slow,  but  constant 
evaporation  of  barl\im  and  barium  oxide  from  the  surface  of  the  oxide 
layer,  which  takes  place  at  the  cathode  working  teii5)eratures.  Ihe 
barium  and  barium  oxide  evaporating  from  the  surface  of  the  oxide 
layer  are  deposited  upon  other  electrodes  of  the  tube,  and  decrease 
their  work  function.  Dils  results  In  the  occurrence  of  thermionic  and 
secondary-electron  emission  from  these  electrodes,  and  changes  the 
magnitude  of  the  contact  potential  differences  between  them,  causing 
a  change  In  the  parameters  and  characteristics  of  the  tubes. 


Fig.  4-11.  Qraph  showing  the 
change  In  the  emission  current 
of  an  oxide  cathode  with  time 
where  the  plate  voltage  Is 
applied  bid.efly. 

Ihe  faults  noted  somewhat  limit  the  region  of  application  of  the 
oxide-coated  cathode.  For  exan^le.  In  Its  common  form,  the  oxide- 
coated  cathode  cannot  be  utilized  In  devices  operating  at  high  plate 
voltages.  Diey  are  successfully  utilized,  however.  In  receiving  and 
aaqpllfylng  tubes.  In  cathode  ray  tubas.  In  pulse  generator  tubes,  and 
SBF  devices. 

Pulsed  operation  of  ^  oxide -coated  cathode.  If  we  follow  the 
change  In  emission  current  of  an  oxide -coated  cathode  In  time.  It 
turns  out  that  the  maxlmi  value  occurs  diudng  the  first  Instants 
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that  the  plate  voltage  la  applied  (I^q  on  Pig.  4-11),  and  it  then 
sharply  decreases  to  a  certain  constant  value  which  remains  al¬ 

most  unchanged  with  time.  Diis  is  explained  by  the  fact  that  at  the 
instant  the  plate  current  is  applied,  there  are  a  large  niimber  of 
barium  atoms  on  the  surface  of  the  oxide  layer,  and  they  provide  a 
large  emission  current.  As  the  emission  current  passes,  the  barium 
atoms  lose  their  electrons,  and  are  converted  to  positive  ions,  which 
migrate  in  the  oxide  layer  toward  the  base  layer  of  the  cathode  under 
the  action  of  the  electric  field.  After  a  time  t^,  amounting  to  rough¬ 
ly  250-300^ sec,  there  is  an  amount  of  barium  atoms  remaining  on  the 
surface  of  the  oxide  layer  which  does  not  decrease  further  with  time, 
since  an  equilibrium  condition  has  been  established,  in  which  the 
number  of  positive  ions  of  barium  migrating  to  the  base  layer  equals 
the  number  of  neutral  barium  atoms  diffusing  to  the  surface  of  the 
oxide  layer.  A  decrease  in  the  number  of  barium  atoms  on  the  surface 
of  the  oxide  layer  leads  to  an  Increase  in  the  work  function  and, 
consequently,  to  a  decrease  in  emission  to  a  value  ^us,  if  the 

plate  has  voltage  applied  to  it  for  an  extended  period  of  time,  an 
emission  current  of  not  more  than  may  be  taken  from  the  cathode. 

If  the  plate,  voltage  is  disconnected  for  a  short  time  tg  amounting  to  1 
about  0.001-0.01  sec,  the  surface  of  the  oxide  layer  is  enriched  with 
barium  atoms  rather  rapidly.  As  a  result,  the  work  function  again 
drops.  If  we  now  connect  in  the  plate  voltage,  the  pattern  is  repeated: 
at  the  instant  of  application  of  the  voltage,  the  emission  current 
reaches  a  maximum  value  I^q,  which  then  rapidly  drops  to  a  value  I^^. 

It  has  been  established  that  when  emission  current  is  taken 
briefly  from  an  oxide -coated  cathode,  the  ctirrent  density  may  reach 

O 

30-50  amp/cm  while  when  emission  current  is  continuously  withdrawn, 
the  density  all-in-all  may  reaoh  0. 3-0. 5  amp/om  .  The  ability  of  an 
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oxlde*4oated  oathode  to  yield  very  high  ealiBlon  during  brief  tiae 


Pig.  4-12.  Graph  of  the 
variation  of  plate  current 
of  an  oaolllator  tube  in 
pulsed  operation. 

Intervals,  and  to  regain  ealsslon  properties  during  brief  nonworking 
Intervals  has  been  successfully  utilized  in  tubes  working  in  pulse 
mode.  For  example,  in  pulse  oscillator  tubes,  the  operating  time  in¬ 
tervals  of  length  tr  alternate  with  nonworking  Intervals  of  length  T 
(Fig.  4-12).  Here,  during  the  pulse  length  T  ,  the  oathode  provides  a 
pulse  of  several  tens  of  ajQjeres  of  emission  current,  with  an  ave]?age 
emission  current  amounting  to  several  tens  of  milllaji^eres.  Such 
large  emission  in  pulsed  operation  is  obtained  with  small  geometric 
dimensions,  and  with  low  heating  power  of  the  oxide-coated  oathode. 

Surface  Irregularities  in  the  oxide  layer  have  a  strong  effect 
upon  the  pulse  emission  of  an  oxide -coated  cathode.  As  a  rule,  the 
maximum  values  of  piilse  emission  are  obtained  with  rough  oxide-layer 
surfaces. 

4-7.  DESiaNINQ  OXIDE-COATKD  CATHODES. 

Designing  an  oxide-coated  cathode  amounts  to  determining  its 
geometric  dimensions  and  heating  power,  and  also  (in  the  case  of  in¬ 
directly  heated  cathodes)  the  geometric  dimensions  of  the  heater  as 
well. 

The  basic  data  for  designing  cathodes  are  the  heating  voltage, 
rated  value  of  operating  current  from  the  oathode,  and,  sometimes, 
the  peak  value  of  the  current  taken  from  the  oathode.  In  certain  types 
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of  tubes,  the  cathode  geometry  Is  affected  by  other  given  parameters 
of  the  tube.  In  this  case,  design  of  the  cathode  amounts  to  determin¬ 
ing  the  heating  current  and  voltage,  and  the  heater  dimension. 

a)  Designing  Indirectly  heated  cathodes.  The  design  of  Indirectly 
heated  cathodes  begins  with  the  choice  of  the  maximum  cathode  temper¬ 
ature  (the  temperature  of  the  cathode  at  the  hottest  spot),  and  the 
magnitude  of  the  operating  current  density  of  the  cathode.  Qlie  choice 
of  these  quantities  Is  connected  with  the  design  of  the  device,  and 
the  life  set  for  the  device.  Sample  values  for  these  quantities,  for 
various  types  of  devices,  are  given  In  Table  4-2. 


TABLE  4-2. 


1  0  Bha  npiiOopoa 

1  ■  ! 

MaKCHMiab- 
nan  Tcune- 
parypa  r„. 

a  *K 

n.ioTHocra 
TOKft  C  KITOA* 
U,  Ma/CM» 

I® 

'  ACTCK.iHiiiiue  11  ;  McraJi.'iH'iecKiie  npHCMiio- 

'  ycHAiiTCAUHiiie*  aaMHU . 

wBbiiipfi.MitTeabiifaie  aaMnu  ii  auxoAiiue  aani- 
nu  ycHAeiiiiji  mouihocth) . 

950-1  100 

16-20 

1  050-1  150 

30-90 

9  riavibniKOBue  ii  iiHHHaTiopHue  MMnu  .  .  . 

1  000—1  100 

30—60 

9  rciicparopHue  . . 

1  050-1  150 

25-80 

#  HMnyvibCHbie  npiifcpu  c  okchahi>im  xaroAOM 

1  100-1  150 

5000-10000 

l)  Type  of  devices;  2)  maximum  temperature 
;  3)  density  of  current  taken  from 
cathode,  ma/cm^;  4)  glass  and  metal 
receiving -anp  11 fylng  tubes;  5)  rectifier 
tubes  and  output  tubes  (for  power  anpllfl- 
catlon);  6)  button-type  and  miniature  tubes; 

7)  oscillator  tubes;  8)  pulse  devises  with 
oxide-coated  cathodes. 

Tlie  choice  of  cathode  working  temperature  greatly  depends  upon 
the  structure  and  parameters  of  the  device  In  which  the  cathode  Is 
to  be  used.  Prom  the  point  of  view  of  lifetime  and  operating  stability 
of  the  devices.  It  Is  desirable  to  use  cathodes  having  the  maximum 
pexmdsslble  taaqperat\u?e.  For  a  cathode  to  operate  well  at  the  minimum 
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peralBBlble  temperature,  however.  It  Is  necesBary  to  carry  out  oareful 
production  treatment  of  both  the  cathode  Iteelf  and  the  other  partB  of 
the  device.  [Ihla  doea  not  always  turn  out  to  be  posaible. 

In  ohooBlng  the  working  temperature  of  a  cathode.  It  la  alBO 
necesBary  to  take  Into  account  the  temperature  of  the  parts  of  the 
device  surrounding  the  cathode,  which  cause  additional  heating  up  of 
the  cathode. 

For  the  value  of  operating  cathode  current  density  Jp  chosen. 

It  Is  possible  to  determine  the  size  of  the  oxlde-ooatlng  sxirfaoet 


F  =  — 

OKC  i  * 
/D 


(4-24) 


where  Is  the  nominal  current  drawn  from  the  cathode. 

Ihe  cathode  Is  designed  In  accordance  with  the  value  found  for  the 
surface  of  the  oxide -coated  portion  of  the  cathode.  In  the  case  of 
tubular  cathodes,  exan^jles  of  which  are  shown  In  Pig.  4-5,  It  Is 
neoe8sai*y  to  determine  the  tube  diameter,  length  of  the  sections  not 
oxide -coated,  the  distance  from  the  end  of  the  oxide  coating  to  the 
Insulators.  Ihe  length  of  the  noncoated  sections  Is  so  chosen  that 


Pig.  4-13«  Construction  of  a 
tube  for  an  Indirectly  heated 
cathode. 

l)  Insulator;  2)  cathode  con¬ 
nection;  3)  support. 


the  gap  between  the  oxide  coating  and  the  Insulators,  where  the 
cathode  Is  moimted,  will  be  not  less  than  0. 8-1.2  n.  In  addition. 


*  ^^okc  "  ^oks  ~  ^oksldnyy  “  ^oxlde. ] 
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It  Is  necessary  to  take  Into  account  the  need  to  extend  a  portion  of 
the  tube  beyond  the  Insulator  with  a  length  adequate  for  welding  on 
the  cathode  connection.  Figure  4->13  shows  the  structural  dimensions  of 
a  tubular  cathode.  A  support  (collar)  Is  nonsally  placed  on  one  end  of 
the  cathode;  It  keeps  the  oathode  froa  aorlng  axially  through  the  hole 
In  the  Insulator. 

Ohe  length  of  the  oxide  coating  Is  found  aeeordlng  to  the  ohosen 
diameter  of  the  tube.  For  a  cylindrical  tube 


(4-25) 


where  Is  the  thickness  of  the  oxlde-ooatlng  layer,  which  may  vary 

In  magnitude  from  0.05  to  0.1  mm. 

For  a  tube  of  any  cross HMOtlonal  shiqpe,  whose  perimeter  Is  pt 


/  —  OKC 

•ow  0 


(4-26) 


In  choosing  the  diameter  of  the  tube.  It  Is  desirable  to  keep  the 
ratio  of  the  distance  between  the  Insulators  to  the  tube  diameter 
within  values  of  8  to  20. 

With  very  short  cathodes,  there  Is  a  strong  Increase  In  cooling 
by  the  Insulators  and  oathode  connection,  which  Increases  the  consump¬ 
tion  of  power  for  heating.  On  the  other  hand,  where  the  diameter  of 
the  oathode  Is  large  relative  to  the  length.  Its  rigidity  drops, 
which  may  lead  to  bending  of  the  oathode  during  tube  assembly  and 
upon  thezmial  expemslon  of  the  oathode. 

Calculation  of  the  heating  parameters  of  a  oathode  induces  to 
the  determination  of  the  specific  heating  power  required  to  provide 
the  requlz*ed  oathode  temperatzire.  For  an  Ideal  oathode,  the  specific 
heating  power  equals  the  power  radiated  from  unit  surface  of  the  oxide 
layer  at  the  given  tesperature.  Figure  4-14  shows  graphically  the 
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dcp^ndtno*  of  tho  pomr  radiated  from  1  om^  of  oxide  lUFfaee  upon  the 


Pig.  4-l4.  Radiant  power  of 
an  oxide -ooated  cathode  as  a 
function  of  teoperature. 

*  2 

1)  watt/ctti  . 

teq;)erattire ;  the  graph  la  haaed  upon  reaulta  of  neasurementa  perforaed 
by  P.  Zarutakly. 

Ihe  heat  carried  off  by  Inaulatox^  and  the  baae  eyelet  are  of 
BUbatantlal  Inportance  In  the  themal  balance  of  a  heated  cathode. 

Aa  a  reault  of  thla  cooling,  there  la  a  drop  In  cathode  tenqperature 
both  In  the  hotteat  apot,  and  at  the  enda  of  the  cathode.  Ihe  drop  In 
temperature  at  the  ends  of  the  cathode  la  greater,  and  therefore  the 
teoqperature  dlatrlbutlon  over  the  cathode  la  nonunlfozmu  Figure  4-15 
ahowa  the  tenqperature  dlatrlbutlon  over  the  cathode  of  a  6N9S  tube. 

Ihe  drop  In  teaqperatuire  of  the  enda  of  a  cathode  dependa  not  only 
on  the  heat  carried  off  by  Inaulatora  and  the  cathode  connection, 
but  alao  to  a  certain  degree  \q>on  loaaea  owing  to  radiation  from  the 
enda  of  the  cathode  ttibe.  lliua.  It  la  poaalble  to  effect  a  certain 
decreaae  In  the  teiq;)erature  nonunlfomlty,  on  occaalon,  by  flattening 
the  enda  of  the  tube  above  the  Inaulator  (Plg.  4-16). 
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The  proportion  of  heat  carried  off  owing  to  cooling  with  respect 
to  the  total  power  consumed  In  heating  Is  the  greater  the  smaller  the 
distance  between  the  Insulators  In  which  the  cathode  Is  mounted. 

As  the  length  of  the  cathode  Increases^  there  Is  a  rise  In  the 
power  radiated  from  Its  surface «  while  the  power  carried  off  by  the 
lnsulatox>s  remains  unchanged.  Consequently,  the  Influence  of  cooling 
drops  as  the  cathode  Is  made  longer. 

A  certain  drop  In  the  power  carried  off  by  the  Insulators  may  be 
obtained  by  decreasing  the  cathode -tube  —  Insulator  contact  surface. 

To  do  this,  the  openings  for  the  cathode  In  the  Insulators  are  fre¬ 
quently  made  with  additional  slots,  as  shown  In  Fig.  4-17. 

As  a  result  of  changing  the  amount  of  heating  power  used  In  heat 
that  Is  carried  off,  when  the  length  of  the  cathode  Is  changed,  the 
specific  heating  power  required  to  obtain  the  necessary  maximum 
teBq;)erature  depends  mainly  upon  the  separation  of  the  Insulators. 
Figure  4->l8  gives  curves  showing  the  specific  heating  power  as  a 
function  of  cathode  length  for  vaulous  values  of  maximum  temperature. 

I — I 

CD 

Fig.  4-15.  Temperature  Fig.  4-16.  Flattening  the 

distribution  over  the  end  of  a  cathode  tube, 

oathode  of  a  6119s  tube.  1)  Cathode;  2)  Insidator. 

w 

The  curves  given  correspond  to  cathodes  with  a  0. 05-am  thick  nickel 
tube  and  0.  4  -  mm  thick  mica  Insulators.  Variation  of  these  dimensions 
within  normally  pezedsslble  limits  —  oathode  material  up  to  0.1  mm 
thick  and  mloa  insidatozmi  0. 3-0>  5  vm  thick  —  has  pxeiotioally  no  effeot 


vpon  the  value  of  the  uaxlaMa  cathode  tenperature.  Thua^  theM  euxnrea 


Fig.  4-17.  Shape  of  cathode  openlnge 
in  insulator  deeigned  to  deereaae 
heat  loaaea. 

l)  Insulator;  2)  cathode. 


are  sxiitable  for  obtaining  the  specific  heating  power  for  a  majority 
of  hoater-type  cathode  designs  in  use. 


Fig.  4-18.  Curves  for  specific 
heating  power  as  a  fonotion  of 
insulator  separation. 

l)  watt/cm^. 


Using  the  curves  showing  specific  heating  power  as  a  function  of 
insulator  separation,  it  is  possible  in  designing  a  cathode  to  find  the 
required  specific  heating  power.  Ihe  total  heating  power  will  then  be 
found  as  the  product  of  the  specific  power  axid  the  total  area  of  the 
side  sux^aoe  of  the  cathode  F,^} 


For  a  given  heating  voltage  and  a  known  heating  power,  the  heating 
ourrent  ia  foimdt 

;  '.=&•  :  ('•-28) 

After  oaloulation  of  the  heating  paraaetera,  the  heater  ia  de- 
aigned. * 

b)  Heater  design.  Olie  moat  oownon  type  of  heater  for  an  oxide- 
ooated  cathode  ia  a  heater  made  of  a  tungsten  wire  (or  of  tungsten 
alloy),  coated  with  an  alundum  Insulating  layer.  The  thickness  of  the 
alundum  coating  is  so  chosen  as  to  provide  adequate  electric  insulat¬ 
ing  strength  in  the  presence  of  potential  differences  between  cathode 
and  heater  not  exceeding,  for  the  majority  of  devices,  IOO-I50  v, 
as  well  as  mechanical  strength  for  the  layer.  For  common  types  of 
heaters,  the  thickness  of  the  alundum  coating  ia  chosen  so  as  to  lie 
within  60-80  microns. 


tt)  (Bs)  ©S) 


Fig.  4-19«  Designations  for  heater 
dimensions. 

nie  heater  takes  the  form  of  either  a  single  loop  or  several 
loops,  or  else  is  wound  as  a  sl]Q>le  helix  heater  or  double -helical 
heater  (li^lg.  4-19}*  Designing  such  a  heater  for  given  heating 


«  The  system  suggested  for  designing  a  heater-type  oathode  and  heater 
is  boi*rowed  from  YU.  F.  Zarutskiy. 
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parameters  and  cathode  geometry  reduces  to  determining  the  diameter 
and  length  of  the  heater  wire. 

Die  resistance  of  a  heater  at  the  operating  temperature^  determined 
from  known  values  of  heating  current  and  voltage,  is  connected  with  the 
diameter  and  length  of  the  wire  of  the  heater  by  the  well>4cnown  ex¬ 
pression 


4/, 


n  i« 


(4-29) 


It  is  clear  that  the  problem  of  choosing  heater  geometry  has  no  one 
single  solution,  since  it  is  possible  to  pick  an  infinite  number  of 
combinations  of  the  quantities  _lp  and  d^  that  satisfy  Eq.  (4-29). 
a  given  heater  length,  the  diameter  of  the  wire  may  be  determined 
uniquely} 


(4-30) 


Ihus,  to  design  a  heater  it  is  necessary  to  make  a  proper  choice  of 
length  and  to  detennine,  albeit  roughly,  tha  tes(psrgatqr<^  then  w#' 

OBQr  find  the  magnitude  of  the  resistivity^^. 

For  a  loop -type  heater,  the  length  of  the  loop  should  equal  the 
length  of  the  cathode  tube,  ^e  total  length  of  a  heater  (without  the 
free  ends  used  for  connecting  in  the  current -Kiarrying  electrodes) 
equals} 


/,  =  2/»/..  (4-31) 

where  n  is  the  number  of  loops,  and  is  the  total  length  of  the 
cathode  tube.  Ihe  number  of  loops  is  found  from  structural  considera¬ 
tions  designed  to  insure  that  the  heater  may  be  freely  inserted  in  the 


*  ^  ”  *S>odogrevatel '  “  \eater*  ^ 
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oathode  tube.  In  an  apppoxlaate  ocnqputatlon^  the  nuaiber  of  loops  say 
ba  found  from  the  eqpirloal  fonntla 


rt»(2-3)S,.  (4-32) 

Q 

whei*e  Is  the  orose-eeotlonal  area  of  the  cathode  tube^  mT  (n  should 
be  an  Integer). 

The  total  length  of  a  helix  heater  Is  fotind  froa  the  esqpresslon 

,  _  ^3^,  :  (4-33) 

__  J  .'■/ 

irtiile  for  a  double«4ielloal  heater  it  Is 

■  , 

(4-34) 

(with  the  designations  for  the  quantities  as  shown  In  Pig.  4-19).  Ibe 
quantity  d^  aay  range  froa  0.5  to  0.7  d^Q  Is  the  Inside  diameter 
of  the  cathode. 

Detennlnlng  the  length  of  the  heater  wire,  we  must  find  Its 
temperature.  Ihe  tenqperature  calculation  Is  based  upon  the  fact  that 
heat  transfer  from  a  heater  to  the  cathode  occurs  solely  owing  to 
radiation  of  the  heater  surface.  Heat  transfer  owing  to  direct  con¬ 
tact  of  the  heater  sxirface  with  the  Interior  surface  of  the  cathode 
tube  Is  negligible  In  practice,  and  aay  be  neglected  In  the  calcula¬ 
tion. 

Consequently,  heat  transfer  between  the  cathode  and  heater  obeys 
the  Stefan-Boltzmann  equation  for  two  heated  bodies  with  different 
radiation  coefficients.  IJhder  steady-state  conditions,  l.e. ,  with  the 
temperatures  of  cathode  and  heater  constant,  all  of  the  heating  power 
is  radiated  by  the  heater  saz*faoet 

*  ^  pr  “  ^privedenyy  “  ^daoed.  ^ 
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(4-35) 


whare  Is  the  effective  heater  aurfaoe;  Tp  and  are  the  tempera- 

tiires  of  the  heater  and  the  cathode;  6pj,  i»  the  reduced  radiation  co¬ 
efficient  for.  the  oathode-4ieater  aysteB,  which  nay  be  detemlned  fron 
the  foraula 


I 

•bp 


L_L£i4.  (±1 
p»  \  •« 


(4-36) 


In  thlB  formula,  la  the  Integral  coefficient  for  radiation  from  the 
Bxirfaoe  of  the  alundiua-treated  heater,  which  haa  In  the  working -tenqpera 
ture  Interval  a  value  of  0.18-0.22.  Where  the  alundum  coating  la  very 
thin  (leaa  than  40  mlcrona),  thla  quantity  Increaaea  to  0.24-0.28, 
owing  to  the  fact  that  the  alundum  layer  la  tranaparent  with  reapeot 
to  radiation  directly  from  the  base  layer  of  the  heater.  The  Integral 
radiation  coefficient  for  the  Interior  surface  of  the  cathode  =  0.17 
for  nickel.  The  quantities  and  are  respectively  the  effective 

heater  perimeter  and  the  Interior  perimeter  of  the  cathode  tube. 

Generally  speaking,  the  effective  perimeter  of  the  heater  does  not 
equal  the  stim  of  the  perimeters  of  the  Individual  filaments  (for  a  loop 
type  heater)  since  the  filaments  shield  each  other  from  the  cathode. 

The  degree  of  shielding  depends  upon  how  well  the  heater  fills  the 
Interior  volume  of  the  cathode,  and  upon  the  configuration  of  the 
cathode  tube.  For  a  cyllndrlceU.  cathode  with  a  loop-type  heater,  a 
theoretical  computation  has  been  made  for  the  quantity  k  =  Peff^^k 
as  a  function  of  the  ratio  of  the  heater-filament  diameter  to  the 
Inside  diameter  of  the  cathode  tube.  Figure  4-20  shows  oiurves  of  this 
function  for  various  numbers  of  heater  loops.  On  the  basis  of  the 
value  found  for  k.  It  Is  possible  to  detezmlne  the  effective  perimeter i 


(4-37) 

In  this  case,  the  effective  surface  Is  found  from' the  e^sesilmn 
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Klg.  4-20.  Chart  for  detemlnlng  surface 
fill  factor. 


With  a  helix  or  double -41611  cal  heater.  It  le  poeelble  to  find 
the  effective  surface  by  multiplying  the  totad.  surface  of  the  spiraled 
fllaswnt  by  the  shielding  factor 

(4-39) 

'  ! 

for  a  helix  and 

■  (4-40) 

for  a  doub] ^ -hell cal  heater. 

Die  shielding  factor  6  Is  a  function  of  the  spiral  fill  factor  at. 
For  helix  heaters,  ar=  d  /t,  while  for  double^ellcal  heatez>s,  QL  - 
-  2d./t.  Figure  4-21  gives  a  graph  of  &  «  f(cr}«  nie  effsetlvs  periaster 

A 

of  such  heaters  may  be  found  froa  the  eaqpresslon 

FroB  this  may  be  deterulned  the  coefficient  k  -  P^ff/Pk* 

Thus,  for  any  heater  dei^n.  It  Is  possible  to  express  the 
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effftotlve  surface  In  terms  of  the  cathode  perimeter^  cathode  lengthy 
and  the  coefficient  kt 


;  =  (4-42) 

Substituting  the  value  of  the  effective  heater  surface  Into  the 
Stefan-Boltzmann  equation,  and  the  value  of  the  reduced  radiation 
coefficient,  and  expressing  the  heater  temperature  In  terms  of  this 
equation,  we  obtain t 


I 

I 

I 


(4-43) 


Ghe  basic  quantities.  In  practice,  for  designing  a  heater  are 
dp  and,  consequently  the  quantity  d^  associated  with  it.  Thus,  the 
coefficient  k  In  e:3qpreaslon  (4-43)  Is  an  unknown.  It  Is  clear  that 
Its  marl imiin  possible  value  Is  1,  which  corresponds  to  complete  filling 
of  the  space  within  the  cathode  by  the  heater.  Analysis  of  expression 
(4-43)  shows  that  the  maxl.iiuBi  value  of  the  coefficient  k  corresponds 
to  the  lowest  possible  heater  temperatiire,  and  equals  t 


(4-44) 


In  first  approximation.  In  calculating  the  heater  tenperatiire, 
we  must  assume  that  k  »  i,  aind  find  the  minimum  hea.  tesqperature. 

From  this  tenqperature  It  Is  possible  to  find  the  resistivity  (Fig. 
4-22)  and  from  expression  (4-30 )  It  Is  possible  to  determine  the 
heater-wire  dlasMter  d'p,  corresponding  to  the  maximum  value  of  the 
surface  fill  factor.  According  to  the  quantity  d'p  obtained  and  the 
corresponding  value  d'^,  we  find  the  actual  value  of  the  coefficient 
k.  In  first  approximation.  Using  this  value,  for  a  seoond  spproxlBatlon, 


*  [NMH  -  min  -  minimum.  ] 
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the  tesQ^erattire  Is  again  found  from  Bq.  (4-43)«  In  aooordanoe  with 
ifhloh  the  quantity  dp  la  reoaloulated.  Ab  a  rule,  the  Beoond  approxl- 
■atlon  givee  a  resiQt  that  1b  aoourate  enough  for  praotloal  piLrpoaeB. 

In  deBignlng  a  heater.  It  Is  neoeBBary  to  add  to  the  oaloulated 
length  of  the  wire  the  length  of  the  endi  needed  to  aake  the  oonneotion 
to  the  omrrent-oarrylng  eleotrodeo. 


Pig.  4-ai.  Chart  for 
deteminlng  the  Boreen> 
Ing  faoter  for  helix 
and  double  •4ielieal 
heaterB. 


Pig.  4 ><22.  Graph  of  reBlBtlv- 
Ity  of  tungBten  emd  MV-50 
alloy  aa  a  function  of  teepera- 
ture. 

1)  olai/om;  2)  M7-50. 


In  many  caaea.  It  tuma  out  to  be  neoeBBary  to  reoaloulate  the 
length  or  dlaaeter  of  the  wire  according  to  the  known  paraaetera  for 
heating  of  a  real  heater  or  to  replace  the  baae -layer  aaterial.  In 
Buoh  a  oaae.  It  la  poaalble  to  utilize  the  foxwla  auggeated  by 
V.  P.  Xbvmlenko  i 

1.29^-0.71^  -2,I8^J=.  +  0,82^j2+^  =  0.  (4-45) 

Bach  tem  of  thlB  fozwula  containa  a  ratio  of  the  reqxd.red  change  in 
one  of  the  q^antitieB  characterizing  the  heater  (heating  current  and 
voltage,  wire  diaawter  and  length,  and  P)  to  the  aaae  qiuuitity.  If  any 
of  theae  qvantitiea  reaBlna  unohanged,  the  appzeprlate  tem  of  the 


-  130  - 


•quatlon  will  b«ooHe  zero.  for  exaqple^  whfere  the  length. of  the 

wire  iB  reoaloulated  in  order  to  provide  a  neoeBS&ry  change  In  heating 
oiirrent  while  maintaining  the  other  quantitieB  oonstant,  Eq.  (4*45) 
takes  the  following  formt 

j  .  •  -  - 

I  1.29  ^  + 0,82  ^^2  =  0.  (4-45*) 

*11 

In  like  manner^  where  the  diameter  la  changed  (for  exnq)le^  in  order 
to  utilize  a  standard  wire  diameter)^ 

I  o.82^^2-2.l8^=0  (4-45b) 

while  where  the  heater  material  is  replaced  (ehanging  the  value  ot  f), 
with  the  heating  parameters  unchanged 

I  iL_ 2.18^  +  0.82^  =  6.  (4-45e)  "  ^ 

I3e signing  filamentary  cathodes.  Eor  standard  filaments^  the 
thickness  of  the  oxide  coating  is  on  the  order  of  the  baBe<-aaterial 
diameter.  As  a  result^  the  temperature  of  the  filament  base  material 
may  be  considerably  different  from  the  surface  temperature.  According 
to  some  data,  the  temperature  drop  may  reach  40-30°.  It  is  especially 
isportant  to  allow  for  the  difference  in  the  tenperatures  of  the  surface 
of  the  cathode  and  of  the  base  material  with  very  thin  bases  (with 
diameters  on  the  order  of  10-30  microns).  For  bases  of  larger  diameter, 
and  where  the  oxide  coating  is  not  very  thick  3)  and  in  an 

approximate  calculation  for  a  cathode,  the  tesperature  drop  may  be 
xwgleoted. 

The  design  of  a  cathode  begins  with  the  choice  of  the  working 
temperature  and  effieienoy,  average  values  of  which  are  given  in 
Ohble  4-3. 


TABU  4-3« 


opiBopoa  (b 

- 

M«KCaMMbR» 
pafiMM  Tan- 
ntpirypi 
Kcpaa  r^,  *X 

B  Cpf  jwiaa 
pa8o<iaa 
^KTiaHOCTk 
Ifp,  Ma/tm 

CT>»;iauHue  npHeMMO>ycMAKTe;ibRue  jiaMnu 
naiibaHKoaue  h  UNHuriopHue  npNeMHO- 

9S0-I050 

20-40 

yCHaHTCMHUc  . . 

1000-1  2S0 

30-70 

SunpatiHTeakHM  jumhu . .  . 

raiiepaTopHua  jUMau  a  JUMmi  ju»  ycua- 

1050-1  160 

10-30 

aaa  MomaocTa .  .  . . 

1060-1  200 

30-80 

l)  T^pe  of  devloea;  2)  maxlatum  operating 
tftoperature  of  baae>  ;  3)  aaan  operat¬ 

ing  efficiency  Np,  ma/watt;  4)  glass  receiv¬ 
ing  -amplifying  tube;  5)  button-type  and 
miniature  receiving -an5)llfler  tubes;  ) 

6)  rectifier  tubes;  7)  oscillator  tubes 
and  poirer-aaQ)llfler  tubes. 

Die  upper  temperature  limits  refer  to  cathodes  with  a  base  con¬ 
sisting  of  a  thin  wire.  Here  the  temperature  of  the  oxide-layer  surface 
proves  to  be  somewhat  less. 

Uie  baslo  data  for  designing  directly  heated  cathodes  (as  In  the 
design  of  an  Indirectly  heated  cathode)  are  the  heating  voltage  and 
the  magnitude  of  the  emission  current  drawn  under  woxidng  conditions. 

On  the  basis  of  the  chosen  value  of  effloleney^  the  cathode  heat¬ 
ing  power  required  Is  detezvlnedi 

and  the  heating  ourrent  is 


p  —  ■ 


A 

’TT.' 


(4^) 


In  certain  tubes,  for  example,  in  reotiflers,  rather  than  working 
with  the  mean  value  of  cathode  ourrent,  the  peak  value  is  used,  which 
Is  several  times  the  mean-current  value.  In  this  eiuie#  the  heating 
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pomr  Bhoiild  be  defined  as  the  ratio  of  the  peak  cathode  current  to 
the  Btaxlmuin  possible  cathode  effleleney^  equal  for  fllaMntary  cathodes 
to  100-120  ma/watt. 


From  the  heating  parajaeters  found,  the  cathode  geometry  Is  calcu¬ 
lated.  Ihe  following  fozmulas  are  used  In  oalcxilatlons  for  large - 
diameter  cathodes t 


and 


(4-47) 


Since  = 
slmul taneouily. 


Un/ln  and  then  solving  these 

we  obtain  an  eaq»resslon  for  the  cathode 


(4-48) 

two  equations 
diameter  t 


where 


(4-49) 


The  ratio  of  the  diameter  of  an  oxide-coated  cathode  to  the 
diameter  of  the  base  may  vary  from  2  to  3*  As  a  rule,  the  thickness  of 
the  oxide  layer  Is  measured  not  In  tezms  of  linear  dimensions,  but  In 
texmuB  of  weight;  l.e. ,  by  the  quantity  determining  the  ratio  of  the 
weight  of  carbonates  applied  to  the  base  to  the  rate  of  the  base  Itself, 
e]q;>resBed  In  per  cent.  For  the  most  widely  utilized  method  of  applying 
carbonates  to  bases  for  fllaaientary  cathodes  —  the  cataphoretlc  method  — 
the  given  diameter  relationship  corresponds  to  the  weights  as  follows i 
For  a  tungsten  base,  from  28  to  73  per  cent,  and  for  a  nlokel  base, 
from  6o  to  l6o  per  oent  (the  density  of  the  oxide  layer  Is  assumed  to 
equal  1.8  g/om^}. 


m  woo  net  Im  v 


Pig,  4-23.  function  K(T) 
aa  a  function  of  — 
ta^peraturo  for  tungaton  and 
nickel. 


Determining  the  diameter  of  tha  base  of  the  cathode^  ire  may  find 
the  length  of  the  Ideal  cathode  oorreapondlng  to  the  given  heating 
paraaetera  t 


/  — i!!zi  ♦ 


(4-50) 


In  ozKler  to  detemlne  the  actual  length  of  the  cathode.  It  la 
neceaaary  to  Introduce  a  correction  allowing  for  the  decreaae  In 
cathode  resistance  owing  to  the  cooled  portions.  Ihe  actual  cathode 
length,  corresponding  to  the  distance  between  the  insulators  iq;>on  which 
the  cathode  rests  equals t 


(4-51) 


where  n  Is  the  number  of  cooled  sections  of  the  cathode. 

Ihe  value  for  the  correction  ill  may  be  found  fmi  the  relationship 


A/  =  ^(r) 


(4-52) 


*  ^  -h.  Id  ikeatod  Ideal  'nyy  "  -^athede  Ideal.  ] 
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The  function  K(t)  !■  ahown  In  the  curve  of  Pig.  4-23  for  tungsten 
and  for  nlokel  baeea.  It  Is  necessary  to  add  still  another  3-6  n  to 
the  calculated  cathode  length  on  each  leg  of  the  cathode;  this  Is 
neeessary  for  welding  to  supports  and  hooks. 

Por  SBiall -diameter  cathodes  (less  than  30  microns)  the  calculation 
may  be  carried  out  according  to  the  method  suggested  by  S.  M.  Moshkovloh, 
based  upon  investigations  of  the  properties  of  long  oathodes*  long 
enough  so  that  the  eathodes  could  be  assumed  to  be  Ideal. 


PLg.  4-24.  Heating  current  as 
a  function  of  eathode-hase  layer 
diameter. 

1)  morons. 

Tungsten  wire  Is  used  almost  exclusively  In  the  bases  of  thin 
cathodes.  On  the  basis  of  experiment.  It  Is  assumed  that  for  such 
cathodes  the  best  relationship  between  the  diameters  of  the  oxide - 
coated  cathode  and  the  base  Is  that  for  which  the  thickness  of  the 
oxide  layer  equals  the  base  diameter,  l.e. ,  d^j^  «  3dj^« 

Por  such  cathodes,  experimental  Investigations  have  uncovered 
the  dependence  of  the  heating  oiirrent  upon  base  diameter  for  various 
base  te^;>erat\ires,  and  the  dependence  of  the  heating  power  per  centi¬ 
meter  of  cathode  length  upon  baae  diameter  for  various  values  of 
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h»ating  oxirrvnt.  avapha  for  theaa  rolationahlpa  ara  given  In  Fig.  4-24 
and  4-23. 

Selecting  a  aaxinium  base  teaqperature.  It  is  poBBible,  uBing  the 
oiurve  find  for  thiB  temperature  the  diameter  of  cathode 

teae^  and  then  tiBlng  the  ctirve  ^nl  =  ^  (d^),  in  order  to  get  the  calcu¬ 
lated  value  of  heating  current^  to  find  the  magnitude  of  heating 
current  for  eaoh  centimeter  of  cathode  length. 


Fig.  4-23.  Heating  power  per 
unit  cathode  length  aa  a  function 
of  cathode -haae-laarer  diammter. 
l)  watt/em;  2}  microna. 


C 


Ihe  total  length  of  an  ideal  cathode  ia  determined  frem  the 
relationahip 

' 

(4-33) 

In  detezminlng  the  true  length  of  a  cathode,  a  correction  la 
introduced  for  the  cooled  enda,  Juat  aa  in  the  case  conaidered  pre- 
vloualy. 

In  calculating  the  dlaawter  of  a  cathode  for  a  heating  current  of 
up  to  6o  aa,  it  ia  poaaible  to  utillae  Noahkevloh'B  empirleal  formula 
djpEmlorona]  -  0.2I^(ma)  +  6.  (4-54) 
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4-8.  POWERrSTIPPLY  FOR  CATHOEE  HKATINa  CIRCITITS. 

If  the  operating  oonditions  for  the  cathode  are  properly  ohoeen, 
and  these  conditions  aalntalned  constant «  It  Is  possible  to  obtain  a 
considerable  Increase  In  cathode  life,  and  to  provide  ■Inlmm  changes 
In  Its  other  paraaeters.  But  the  operating  conditions  of  a  cathode  are 
deteralned  by  Its  working  tesqperature,  which  Is  nearly  laiposslble  to 
aionltor.  As  a  rule,  the  operating  reglise  of  a  cathode  can  be  Monitored 
only  In  tems  of  the  heating  current,  using  an  aiOMter  connected  Into 
the  heating  circuit  In  series  with  the  cathode,  or  In  tenss  of  the 
heating  voltage,  using  a  voltmeter  connected  In  parallel  with  the 
cathode.  Monitoring  of  cathode  operation  in  terms  of  heating  ouz*rent, 
however.  Is  not  equivalent  to  monitoring  with  respect  to  heating  volt¬ 
age,  since  by  the  first  method^  a  shorter  cathode  life  Is  obtained  than 
with  the  second. 

Actually,  during  the  operation  of  a  plain  fllaaent,  gradual  evap¬ 
oration  of  the  cathode  material  takes  place,  resxiltlng  In  a  decrease 
In  dlaawter.  If  the  heating  current  Is  maintained  constant  during  this 
pzKJcess,  by  the  end  of  the  useful  service  life,  the  cathode  temperature 
Increases,  since  for  the  saste  heating  current.  Its  density.  In  view  of 
the  decreased  cathode  diameter,  rises.  As  a  res\ilt,  the  rate  of  evap¬ 
oration  of  the  cathode  material  also  Increases.  Uhus,  the  cathode 
life  Is  noticeably  shortened. 

If  the  heating  voltage  Is  maintained  constant,  then  as  the 
cathode  disaster  decreases.  Its  resistance  rises,  and  the  heating 
cxLrrent  drops.  As  a  result,  the  operating  temperature  of  the  cathode 
will  also  decrease.  Owing  to  this,  the  emission  ouz>rent  falls  some¬ 
what,  but  cathode  life  Is  lengthened.  For  pure  metal  cathodes,  operat¬ 
ed  at  constant  heating  voltage,  the  lifetime  normally  Is  greater  by  a 
faotor  of  2-3  than  where  they  are  operated  with  oenstant  heating  eurrent. 
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It  Im  especially  liq>ortant  to  Unit  the  heating  current  when  the 
cathode  Is  connected  In,  since  the  resistance  of  the  cold  cathode  Is 
lower  than  when  It  Is  at  the  operating  teii^>erature.  ^us,  at  the  In¬ 
stant  the  connection  Is  nade,  the  starting  ciirrent  proves  to  be  con¬ 
siderably  greater  than  the  woz4clng  (mrrent,  which  nay  damage  the 
cathode. 

Special  devices  (themlstors,  ballast  tubes)  are  used  for  auto- 
■atlc  Uniting  of  the  staining  current  and  to  maintain  the  working 
heating  current  constant.  Starting  rheostats  are  frequently  utilized 
In  hlgh-power  devices]  they  are  connected  Into  the  olro\ilt  to  Unit  the 
starting  ctuvent,  and  disconnected  after  the  cathode  has  heated  up. 

Either  direct  o\u*rent  (from  a  filament  battery),  or  alternating 
current  (fma  a  fllanent  transformer)  nay  be  utilized  for  oathede 
heating. 

VIhen  filamentary  cathodes  are  suppUed  with  direct  current,  an.i 
same  ter  must  be  connected  Into  the  negative  side  of  the  cathode  circuit, 
since  In  the  negative  branch  of  the  heating  circuit.  In  addition  to  the 
current  there  flows  In  the  same  direction  one -half  of  the  plate 
current  I.,  while  at  the  same  tine.  In  the  positive  branch  of  the  heat- 
ing  circuit,  there  are  the  currents  and  Ij^/2,  which  are  positive. 
Ihus,  the  total  current  flowing  In  the  negative  side  of  the  cathode 
circuit  equals  the  sun  of  the  ciirrents  +  I|^/2,  while  at  the  positive 
end  of  the  cathode  we  have  the  difference  current  -  1^/2  (Fig.  4-26). 
Thus,  In  order  to  avoid  overheating  the  negative  portion  of  the  cathode. 
It  Is  necessary  to  swnltor  the  current  in  the  negative  side  of  the 
heating  circuit. 

When  a  AC  supply  Is  used,  the  voltage  drop  acress  the  cailuide 
changes  periodically  both  in  nagnitude  and  in  sign.  As  a  result,  the 
plate  voltage  and  plate  current  will  vary  at  the  same  frequency.  In 


th*  operation  of  radio  ofalpaont^  theoo  ohaxicaa  in  plate  ourrent  oreate 


ng.  4*^6.  Branohlng  of 
ealeeien  ourrent  in  oathede 
heating  elreuit. 


AC  noise  >  iriiloh  Interferes  with  normal  operation,  of  the  eqiilpinent.  In 
order  to  deorease  this  htim,  idien  filamentary  oathodes  are  stipplled  with 
alternating  ourrent,  the  negative  terminal  of  the  plate  circuit  is  con¬ 
nected  to  a  center  tap  on  the  filament -transformer  secondary,  or  to 
the  center  point  of  a  potentiometer  connected  across  the  cathode 
(fig.  4-27). 

With  AC  supply,  the  cathode  teiiq>erature  does  not  remain  constant, 
but  changes  at  a  rate  of  twice  the  supply  frequency.  The  alternate 
cooling  and  heating  of  the  cathode  causes  changes  In  the  magnitude  of 
the  emission  cui  rent,  which  also  creates  AC  hum  at  twice  the  frequency. 
This  phenomenon  Is  more  evident  In  thin  directly  heated  oathodes,  and 
less  evident  In  massive  cathodes  and  Indlimetly  heated  oathodes. 

It  Is  also  desirable  to  talce  Into  consideration  the  fact  that 
when  heavy  oxide -coated  lndlz*eotly  heated  cathodes  and  also  glowing 
oxide  oathodes  are  tiimed  on.  It  Is  first  necessary  to  heat  up  the 
cathode  for  a  period  of  1-3  min,  and  only  then  to  apply  the  plate 
voltage,  since  the  working  tesq^erature  and  emission  ourrent  reach 
their  noxmal  values  for  these  oathodes  1-3  min  later,  depending  upon 
the  tyi>e  of  cathode.  For  thin  directly  heated  oxide -ooated  cathodes, 
the  time  required  f«r  heating  up  to  the  operating  teaqperatmre  all-in- 


all  aoountB  to  only  aeraral  seconds. 


llie  ballast  tube.  Tlie  glass  envelope  of  a  ballast  tube  Is  filled 
vd.th  hydrogen;  Inside  the  envelope  there  Is  an  Iron  or  tungsten  wire. 
Various  types  of  ballast  tubes  are  filled  with  hydrogen  to  various 
pressures  (ranging  from  several  tens  to  200  mm  Rt).  Short  and  thin 
sections  of  wire  are  utilized  In  the  form  of  straight  filaments^  and 
long  seotlons  are  wound  spirally  before  fastening  to  the  mount. 


51g.  4-27.  CSonnectlon 
of  negative  side  of 
plate  battery  to  fila¬ 
ment  circuit  where  the 
filament  Is  supplied 
with  alternating 
current. 


Pig.  4-28.  Voltnampere  char¬ 
acteristic  of  ballast  tube. 

^  min  ^  max  ” 

and  minimum  ballast  o\irrent; 

^  min  ^  max  “  ««clmum 
and  mlnlntum  ballast  voltage. 

^  laax^  ^  mln^  ^  min' 
*)  ii«i  5)  V. 


Wien  current  la  passed  through  the  ballast  tube,  the  wire  Is 
heated  up,  uid  Its  i*eslBtanoe  rises.  It  Is  possible  to  select  the  hydro¬ 
gen  pressure,  length  and  diameter  of  the  wire  so  that  the  Increase  In 
resistance  of  the  wire  when  It  la  heated  will  be  directly  proportional 
to  the  Increase  In  the  voltage  applied,  and  the  cuirrent  flowing  In  the 
ballast-tube  circuit  will  remain  constant.  It  Is  clear  that  the  only 
type  of  wire  suitable  for  a  ballast  tube  Is  a  wire  having  a  sufficient¬ 
ly  high  positive  tempsrattire  coefficient  of  resistance.  Iron  and 
tungsten  are  cranpletely  satisfactory  In  this  respect;  upon  hsai:lng, 
there  Is  a  considerable  rise  In  their  reslstanoe.. 
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The  basic  paranetera  of  a  ballast  tube  are  the  magnitude  of  the 
oux>rent  which  the  tube  will  maintain  constant  (stabilization  current 
or  ballast  current  and  the  value  of  the  voltage  at  the  beginning  and 
end  of  stabilization. 

If  the  voltage  across  a  ballast  tube  is  gradiially  Increased,  the 
ourrent  flowing  thro\igh  its  circuit  begins  to  rise,  and  then  rwsains 
practically  tinchanged,  and  with  a  further  increase  In  voltage  again 
rises.  Figure  4-28  shows  a  typical  ballast -tube  current -voltage  rela¬ 
tionship.  With  a  change  in  voltage  across  the  ballast  tube  from 
to  max'  ballast  current  changes  slightly  (from  to 

Ballast  tubes  are  used  for  ourrent  regulation  in  filament  circuits 
of  receiving  and  ajii?)llfylng  tubes  where  there  la  a  possibility  of  volt¬ 
age  variations  in  the  power  source.  They  may  be  utilized  in  either  DC 
or  AC  circuits,  but  it  should  be  kept  in  mind  that  ballast  tubes  are 
thermal  devices  and,  consequently,  take  time  to  react,  a  time  amounting 
to  2-3  min.  Thds,  a  ballast  tube  will  not  stabilize  ourrent  Nhere  there 
are  rapid  fluctuations  in  power-supply  voltage.  When  working  with  al¬ 
ternating  CTirrent,  a  ballast  tube  reacts  not  to  the  instantaneous 
value  of  the  ourrent,  but  to  its  effective  value. 

Ihe  basic  paraswters  for  several  types  of  ballast  tubes  are  given 
in  Tkble  4-4. 

The  lifetime  of  various  types  of  ballast  tubes  is  different  and 
varies  over  a  very  wide  range  (from  100  to  10,000  hr). 

Where  a  ballast  tube  is  connected  in  series  with  an  electron  tube, 
it  is  necessary  to  make  a  proper  choice  of  power-supply  voltage.  For 
noxwLl  operation,  the  siq^ply  voltage  is  chosen  aoeording  to  the  fezHula 

U^U  4- * 

■  •  2  * 

*  "  ^n.  b.  “  ^naolial  barettlrovanlya  ”  initial  ballasting!;^ 

“  ^k.  b.  "  \onets  barettirov^ya  ”  ^flnal  ballasting.  ] 
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TABU  4*4.  Ballast -tub*  paraneteM. 


Q 

1 

ToK  eT«(Siix«a- 
UM  |M<i*auiuai, 

•  " 

Tok  cTiawima- 
KMi  (■  Kome 
cBMt  cayKSM), 

9  - 

flinpiiReu* 
■•■■•Jia  a  aoaiia 
^Saaaaaitaa,  a 

0,24BI2-I8 

251—261 

250—262 

12—18 

0,3BI7-3S 

275—325 

270—330 

17—35 

0,3865-135 

270—330 

265—335 

65—135 

0,42^85,8-12 

300—460 

380-470 

5,5—12 

0,8M5,5-12 

780-020 

760-040 

5,5—12 

060—1040 

060-^1080 

5-0 

IBIO-17 

060-1040 

050-1080 

10-17 

l)  Daslgnatlon;  2)  stabilization  current  (Initial ), 

■aj  3)  stabilization  current  (at  end  of  useful 
servloe  life)  oa;  4)  voltage  at  beginning  and  end 
of  stabilization^  v. 

where  ^  and  ^  are  the  Initial  and  final  ballast  voltages; 
tr^  Is  the  heating  voltage  for  the  tube  cathode  with  which  the  ballast 
tube  Is  connected  In  series. 

In  this  ease,  the  power-supply  voltage  should  not  be  below  the 

sum  IL  +  V  or  above  the  sum  +  U,,  v  • 
n  n.  D.  n  K.  b. 

An  over-all  view  of  the  0. 65B5>5~12  ballast  tube  Is  shown  In  / 

Pig.  4-29. 

The  theralstor.  ISiezmlstors  (thermal  resistances)  are  nondlsoharge 
devices  which  In  contrast  to  ballast  tubes  have  a  considerable  negative 
temperature  coefficient.  Thus,  as  temperature  Increases,  the  resistance 
of  a  ballast  tube  rises,  while  the  resistance  of  a  thermistor  drops. 

All  semiconductors,  as  Is  known,  have  a  negative  teiqperattupe  co¬ 
efficient,  but  In  the  manol^ctiue  of  thermistors,  only  those  semloon- 
duotozns  are  suitable  that  do  not  have  rectifying  properties,  and  that 
do  have  excellent  resistance  constancy  with  time. 

Miterlals  suitable  for  manufacturing  thersdston  are  oiq>rlo  oxide, 
uranium  oxide,  magnesium-titanium,  spinel  (Hb^2^4^'  frequently  called 
an  urdox-opeslstanee,  and  oez*taln  special  mixtures  of  oxides  of  varleus 
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heavy  metals  (Ni^  Fe,  Co,  Chi,  TJ,  etc.),  having  the  negative  teiqpera- 
ture  ooefflolent  and  other  propeirtlea  required  for  thermistors.  Certain 
of  the  semloonduotors,  suoh  as,  for  example,  ouprlo  oxide  do  not  react 
with  air,  which  makes  It  possible  to  manufacture  cupric  oxide  thermistors 
In  the  form  of  standard  resistances  connected  directly  Into  the  circuit; 
thermistors  manufactured  from  semiconducters  that  do  react  with  the  air 
are  placed  In  a  vacuum  or  in  an  atmosphere  of  an  appropriate  gas  that 
does  not  react  with  the  material  of  the  thermistor. 

Vilth  an  appropriate  choice  of  thermistor  else  and  heat  emission 
from  Its  surface.  It  Is  possible  to  obtain  a  section  of  the  character*- 
istlc  over  which  the  voltage  Is  practically  Invariant  with  current 
change,  l.e. ,  to  obtain  a  volt-aiq>ere  characteristic  with  a  long 
sloping  section,  bv  ^  a  characteristic  completely  opposite  to  that  of  a 
ballast  tube  (Fig.  4-30).  As  the  current  flowing  threui^  the  thondstor 


Fig.  4-29.  Over¬ 


all  view  of 
0.85B5.5-12 


ballast  tube. 


Fig.  4-30.  Volt.4uq;>ere 
characteristic  of  thermistor. 

^work* 

4)  W 


Increases  froai  0  to  the  thendstor  Is  slightly  heated,  owing  to 

which  Its  resistance  Is  nearly  ruichanged,  and  the  voltage  across  the 
thermistor  rises  as  the  current  Increases.  When  the  curumnt  Increases 
from  to  the  thermistor  temperature  rises,  and  Its  resist¬ 

ance  drops.  Thus,  the  voltage  across  the  thermistor  ramalna  almost 
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ooruitant  (horizontal  working  seotlon).  With  a  still  l\irther  Inoroaso 
In  oitrrent^  tho  theralstor  reslstanoe  deortaaes  slightly  as  tho 
toq;)orat\u«  goos  tqpj  and  tho  voltago  aoroas  the  thamdator  baglna  to 
rise. 

The  working  aeotlon  Is  the  longer. the  higher  the  negative 
tenperature  ooeffloient  of  the  theralstor,  l.e. «  the  nore  the  themlstor 
reslstanoe  drops  as  the  current  Increases;  here  the  voltage  across  the 
therelstor  reealns  constant.  If  the  change  In  resistance  Vflth  varying 
current  Is  slight,  there  may  not  be  a  well  defined  working  section, 
which  Is  the  ease,  for  exa]iq;>le,  with  cupric  oxide  thermistors. 

Uie  presence  of  a  long  working  seotlon  In  the  volt -ampere  charac¬ 
teristic  makes  It  possible  to  utilize  the  thermistor  for  automatic  con¬ 
trol  of  voltage  where  the  cvirrent  changes  from  to  In  this 

case,  the  thermistor  Is  connected  In  parallel  with  the  load  (Fig.  4-31a). 
An  Increase  In  the  power-supply  voltage  causes  an  Increase  In  the  c\ip- 
rent  through  the  thermistor,  slnoe  It  heats  up  and  Its  reslstanoe 
drops,  nius,  the  voltage  drop  across  resistor  r  Increases,  while  the  1 
voltage  drop  across  the  thexmlstor  T  and  the  load  Is  almost  un- 
ohanged. 

Where  a  thermistor  Is  oonneoted  Into  a  circuit  In  series  with  a 
ballast  tube  (Fig.  4-31b},  almost  the  entire  voltage  appears  across 
the  themlstor,  since  Its  resistance  In  the  cold  state  Is  high,  and 
the  oxmrent  In  the  circuit  Is  small.  As  current  passes,  the  reslstanoe 
of  the  thermistor  drops,  but  the  resistance  of  the  ballast  tube  rises, 
and  the  current  remains  practically  constant.  Ihus,  In  the  given  case, 
the  thezmlstor  makes  it  possible  to  Improve  the  characteristic  of  the 
ballast  tube  during  the  Instant  the  circuit  Is  switched  on.  In  addition, 
the  thermistor  is  also  utilised  In  bridge  olrouits  for  measuring  the 
power  of  high**  snd  swper-high-frequenoy  currents.  When  high-freqoeney 


ourrentB  pass  through  a  thamdator  oonneoted  Into  one  arm  of  a  bridge. 

It  Is  heated.  Its  reals tanoe  drops,  and  the  bridge  becomes  unbalanced. 

It  Is  possible  to  measure  the  power  dissipated  In  the  thermistor  by  the 
high-frequency  ctunmnts  by  balancing  the  bridge  again.  Small  thermistors 
are  especially  valuable  In  this  connection;  they  have  little  inductance 
or  capacitance,  and  may  be  connected  Into  Buper.*^gh -frequency  cirouits 
and  low  powers  may  be  measured  accurately  with  cheir  aid  (thousandths 
of  a  watt). 

Diemlstors  are  utilized  for  automatic  limiting  of  Initial 
(starting)  currents  when  tube  cathodes  are  oonneoted  Into  a  circuit,  and 
for  automatic  voltage  control.  In  the  latter  case,  the  voltHUspere  ohar- 
aoteristio  of  the  thezmistor  should  have  a  large  horizontal  (working) 
section.  Thermistors  are  also  utilized  in  special  circuits  for  measur¬ 
ing  and  oontrollng  temperature. 

The  following  quantities  are  included  in  the  parsMtezm  of  a 
thezmistor: 

a)  The  voltage  drop  across  the  thermistor  corresponding  to  the 
wozHcing  portion  of  the  volt-ajq?ere  characteristic  (U^^^j*); 

b)  Resistance  of  the  thermistor  In  the  cold  state  (Rq  at  20°C); 

c)  The  minimum  resistanoe  of  the  thermistor  in  the  heated  condi¬ 
tion  ezqpressed  per  cent  of  R^  (at  the  mamiaam  permissible 

temperature ) ; 

d)  The  maximum  permissible  thermistor  current,  at  which  the 
thezmistor  is  heated  to  the  maximum  pezmissible  temperature; 

e)  The  minimum  thezmistor  current 

f )  The  thermistor  tims  oenstant  detezmined  by  the  time  re<xuirsd 
to  heat  up  the  thermistor. 

The  values  of  certain  parsMters  for  the  isost  common  materials 
used  in  the  manufacture  of  thezmistozm  aim  given  in  TWble  4-5* 


*  “  ^rah  “  ^rabochly  "  ^worklr^*  ^ 
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Ilg.  4-31.  Thermistor 
clrciilts.  a)  Serles-con- 
neoted;  b)  paratllel-oon- 
neoted. 


<Jhftpter  Five 


THE  TVfO-ELBCENT  TUBE  -  THE  DIODE 

5-1.  THEORY  OP  SPACE  CHAROE.  THE  THREE- HALVES  LAW. 

The  simplest  electronic  device  Is  the  two-element  electron 
tube,  the  diode.  The  diode  has  an  Incandescent  cathode  and  a  plate 
which  are  separated  by  a  vacuum  space.  Figure  5-1  shows  typical 
diode  constructions  having  directly  (a)  or  Indirectly  (b)  heated 
cathodes  and  the  symbols  used  for  them. 

An  electric  field  forms  In  the  presence  of  a  potential  dif¬ 
ference  between  the  cathode  and  the  plate.  The  electrons  emitted  by 
the  cathode  move  In  the  space  between  plate  and  the  cathode  under  the 
Influence  of  this  field;  If  the  potential  of  the  plate  Is  higher 
than  the  potential  of  the  cathode  the  electrons  move  toward  the 
plate,  thus  creating  an  electric  current  In  the  vacuum.  Here  the 
loss  of  the  electrons  which  travel  to  the  plate  Is  continuously  re¬ 
plenished  by  electrons  emitted  by  the  cathode.  If  the  potential  of 
the  plate  Is  lower  than  the  potential  of  the  cathode,  the  electrons 
emitted  by  the  cathode  are  returned  to  the  cathode  by  the  electirlc 
field  and  no  current  flows  through  the  vacuum. 

Consequently  the  diode  carries  current  In  only  one  direc¬ 
tion,  l.e..  Is  a  rectifying  device.  This  property  determines  the 
basic  purpose  of  the  diode  —  rectification  of  alternating  currents. 

It  Is  Important  to  know  for  practical  purposes  how  the  magni¬ 
tude  of  the  current  passing  through  the  diode  depends  upon  the  / 
potential  difference  between  the  plate  and  the  cathode.  In  order  bo 
find  this  dependence,  let  us  consider  the  electric  field  between 
the  plate  auid  the  cathode.  Let  us  assume  for  the  sake  of  simplifica¬ 
tion  that  the  plate  and  the  cathode  are  paimllel  infinite  eurfacea.  / 
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Fig.  5-1.  Typical  constructlona  of  diodes 
with  direct  (a)  and  Indirect  (h)  heating. 

1)  Cathode;  Z)  Plate;  3)  Plate;  4)  Cathode; 
5)  Heater. 


6t, 


In  the  presence  of  a  potential  difference  between  the  plate  and  the 
cathode  and  In  the  absence  of  any  free  charges  In  the  space  between 
the  plate  and  the  cathode,  a  unlfom  electric  field  whose  strength 
at  any  point  Is  perpendicular  to  the  surface  of  the  plate  and  the 
cathode  exists  In  this  space.  Surfaces  which  are  parallel  to  the 
cathode  are  equlpotentlal  surfaces  In  this  space  and  consequently 
potential  variation  Is  possible  only  In  the  direction  perpendicular 
to  the  cathode. 

Let  us  plot  the  potentials  of  the  points  under  considera¬ 
tion  as  fvinctlons  of  distance  to  the  cathode.  We  shall  set  the  potent 
tlal  of  the  cathode  equal  to  zero. 

IRie  field  strength  at  any  point  of  the  space  Is  equal  to 

;  *  (5-1) 

and  consequently  the  potential  of  a  point  situated  at  a  distance  x 
from  the  cathode  Is  equal  to 

"a  -  ’'«>od  -  ®plate.) 
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(5-2) 


It  Is  evident  from  Eq.  (5-2)  that  the  dependence  of  poten¬ 
tial  on  distance  Is  linear  and  may  be  graphically  represented  by  a 
straight  line  (Pig.  5-2,  curve  1). 

If  the  cathode  Is  heated,  negative  charges  (electrons)  appear 
In  the  space.  The  presence  of  a  great  number  of  negative  charges 
distributed  In  the  entire  space  between  the  cathode  and  the  plate, 
the  so-called  space  charge,  lowers  the  potential  of  all  points  of 
this  space.  The  more  electrons  In  the  space,  the  more  sharply  the 
potential  decreases. 

The  resultant  distribution  of  potentials  depends  firstly  upon 
the  plate  potential  and  secondly  on  the  distribution  of  the  space 
charge  In  the  space  between  the  plate  and  the  cathode.  The  greater 
the  density  of  electrons  per  unit  volume,  the  greater  will  be  the 
potential  decline  In  the  region  of  the  space  In  question  (Plg.  5-2, 
curves  2  and  3) • 

With  the  plate  potential  positive,  the  electrons  emitted  by 
the  cathode  fall  into  an  accelerating  electric  field  and  move  toward 
the  plate  with  a  velocity  which  Increases  as  they  approach  It. 

Let  us  visualize  In  this  space  a  cylinder  with  a  cross 
2 

section  of  1  cm  and  an  axis  perpendicular  to  the  planes  of  the 
plate  and  the  cathode  (Pig.  5-3).  Since  the  electrons  move  only  In 
the  direction  of  the  X  axis,  the  magnitude  of  the  current  through  a 
cross  section  of  this  cylinder  Is  constant  at  any  value  of  x  from 
X  B  0  to  X  s  r.,  where  r.  is  the  distance  between  the  plate  and  the 
cathode,  and  Is  equal  to  the  product  of  the  charge  density  In 
this  ireglon  and  the  velocity  with  which  the  charges  move: 

(5-3) 
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from  which 


I 


(5-4) 


l.e.,  the  charge  density  In  the  space  under  consideration  diminishes 
as  the  velocity  of  their  movement  Increases. 

It  follows  from  the  above  that  as  the  velocity  of  the  elec¬ 
trons  Increases  with  their  approach  to  the  plate,  the  density  of  the 
space  charge  diminishes  as  we  recede  from  the  cathode.  The  greatest 
charge  density  Is  found  In  the  vicinity  of  the  cathode  and  conse¬ 
quently  the  potential  depression  Is  also  greatest  close  to  the 
cathode . 


As  a  result  or  the  action  of  the  space  charge,  the  potential 
distribution  In  the  space  between  the  cathode  and  the  plate  changes 
and  assumes  the  form  represented  by  curve  2  In  Pig.  5-2.  If  the 


Pig.  5-2.  Curves  of  potential 
variation  In  ispace  between  plate 
and  cathode  with  heated  and  un¬ 
heated  cathodes.  1)  Cathode; 

2)  Plate. 


.  Pig.  5-3-  Illustrating  derivation 
of  relationship  between  charge 
density  and  velocity. 

1)  Area  =  1  cm^;  2)  Cathode; 

3)  Plate. 


emission  of  the  cathode  Is  sufficiently  great,  the  density  of  the 
space  charge  may  be  so  high  that  the  negative  potential  created  by 
the  space  charge  In  the  region  close  to  the  cathode  Is  greater  than 
(  '  the  potential  created  by  the  plate  voltage.  In  this  case,  the  zone 

of  the  space  In  irtilch  this  relationship  obtains  has  a  negative  poten- 


150 


tlal.  The  potential  distribution  for  this  case  Is  represented  by 
curve  3/  Pig.  5-2. 

Let  us  consider  two  cases  of  potential  distribution  In  the 
space  between  the  plate  and  the  cathode  In  the  presence  of  a  dis¬ 
tributed  charge.  The  former  case  corresponds  to  curve  2  and  Is  dis¬ 
tinguished  by  a  continuous  potential  Increase  from  the  cathode  to¬ 
ward  the  plate.  Here  any  electron  coming  from  the  cathode  falls  Into 
an  accelerating  field  and  will  necessarily  reach  the  plate  and,  con¬ 
sequently,  the  plate  current  Is  equal  to  the  cathode  emission  cur¬ 
rent.  This  mode  of  current  passage  Is  known  as  the  saturation  mode. 

In  the  second  case  of  potential  distribution,  which  corre¬ 
sponds  to  curve  3,  a  potential  minimum  Is  formed  between  the  plate 
and  the  cathode  and  divides  the  whole  space  Into  two  segments,  a 
segment  between  the  cathode  and  the  potential  minimum  and  a  segment 
between  the  potential  mlnlmvim  and  the  plate.  Electrons  emitted  by 
the  cathode  fall  Into  a  retarding  electric  field  acting  on  the  seg¬ 
ment  between  the  cathode  and  the  potential  mlnlmiun.  Only  those  elec¬ 
trons  which,  having  overcome  this  retarding  field,  pass  beyond  the 
potential  minimum  can  reach  the  plate.  Electrons  whose  Initial  energy 
Is  not  sufficient  to  overcome  the  potential  minimum  return  to  the 
cathode.  The  plate  ciirrent  Is  smaller  than  the  cathode  emission  cur¬ 
rent  In  this  case,  and  depends  on  the  plate  potential  at  a  given 
emission  magnitude.  This  mode  Is  called  the  space-charge  mode  and 
is  typical  of  the  majority  of  electronic  devices. 

At  constant  cathode  emission,  the  potential  distribution 
varies  with  the  plate  voltage.  Figure  5-^  shows  curves  of  potential 
distribution  for  various  plate  voltages.  When  the  plate  voltage  Is 
zero,  the  vdiole  space  between  the  plate  and  the  cathode  has  a  nega¬ 
tive  potential.  An  Increase  In  plate  voltage  snlfts  the  potential 
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mlnlmxiin  toward  the  cathode,  and  this  Is  accompanied  by  a  decline  in  I 
the  absolute  magnitude  of  the  potential  minimum.  Finally,  at  a 
sufficiently  high  plate  voltage  the  potential  of  all  points  of  the 
space  becomes  positive  with  the  onset  of  the  saturation  mode. 

In  the  space- charge  mode,  the  electrons  going  to  the  plate 
from  the  space  charge  are  replenished  by  electrons  entering  the 
space  charge  from  the  cathode.  In  order  to  determine  the  relation¬ 
ship  between  the  magnitude  of  the  plate  current  and  plate  voltage, 
let  us  consider  the  region  of  the  plate- to- cathode  space  between  the 
potential  minimum  and  the  plate.  In  order  to  simplify  the  deriva¬ 
tion,  let  us  stipulate  the  following  conditions: 

1.  The  emission  of  the  cathode  Is  unlimited;  this  provides 
replenishment  of  the  space  charge  by  electrons  for  any  selected  cur¬ 
rent  to  the  plate. 

2.  Electrons  leave  the  cathode  with  an  Initial  velocity  of 

zero. 

3.  The  potential  minimum  Is  situated  at  the  cathode.  It  follows 
from  this  condition  that:  a)  the  distance  between  the  plate  and  the 
potential  minimum  Is  made  the  same  as  the  distance  between  the  plate 
and  cathode:  b)  the  potential  difference  between  the  plate  and  the 
potential  minimi Ji  Is  set  equal  to  the  plate  voltage;  c)  the  field 
strength  at  the  cathode  Is  considered  to  be  zero. 

To  derive  the  magnitude  of  the  plate  current  as  a  function  of 
plate  voltage,  let  us  use  the  Ostrogradsky- Gauss  theorem*  according 
to  which  the  electric  flux  through  a  closed  surface  Is  propoz*tlonal 
to  the  magnitude  of  the  charge  Inside  this  closed  surface: 

•  S£,AS=4«^.  (5-5) 

where  £  Is  the  magnitude  of  the  charge,  and  is  the  field- strength 
component  normal  to  a  surface  element  AS. 
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Let  us  take  a  volume  In  the  form  of  a  cylinder  whose  axis  Is 
perpendicular  to  the  planes  of  the  plate  and  the  cathode  and  whose 
bases  consist  of  peirts  of  the  plate  and  the  cathode  themselves 
(Plg.  5“5) .  Let  us  denote  the  area  of  the  cross  section  by  P_.  Since 
the  field  strength  Is  directed  along  the  axis  of  the  cylinder  and 
Its  lines  of  force  consequently  do  not  Intersect  the  lateral  sur¬ 
face,  while,  In  accordance  with  the  conditions  adopted,  the  field 
strength  at  the  cathode  Is  zero,  the  entire  flux  Is  determined  for 
any  cross  section  of  the  cylinder  at  a  distance  x  from  the  cathode 
by  the  product  of  the  field  strength  In  that  cross  section  by  the 
area  P.,  ISien  Eq.  (5-5)  takes  the  form 

E,F,  =  4rq,  (5-6) 

where  £  Is  the  magnitude  of  the  charge  situated  in  the  volume  of 
the  cylinder  between  the  cathode  and  the  selected  cross  section. 

Let  us  denote  by  t  the  time  In  which  all  of  this  charge 
passes  through  the  cross  section  of  the  cylinder.  Then  the  current 


Fig.  5-4*  Potential  distribution 
as  a  function  of  plate  voltage. 
1)  Cathode;  2)  Plate. 

*[Fj^  -  P|^  =  ^anod  “  Opiate 
**[ra  “  •  **anod  “  *’plate.] 


Pig.  5-5.  Illustrating  deriva¬ 
tion  of  equation  of  the  three- 
halvea  law. 

1}  Cathode;  2)  Plate. 
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«*  I  n 

OTjc=a-^  +  C,. 

Since  X  =  0  at  t  =  0  (the  Initial  moment  when  electrons  move  from 
the  cathode)  the  integration  constant  C2  1-®  zero.  Consequently^ 

(5-13a) 

This  equation  holds  true  for  any  value  of  x.  Substituting  x  =  r_  in 
it,  we  get  an  expression  determining  the  transit  time  of  the  elec¬ 
trons  from  the  cathode  to  the  plate: 

'  (5-14) 

The  magnitude  of  the  transit  time  may  also  be  gotten  by 
dividing  Bq.  (5-13a)  by  Eq.  (5-12),  remembering  that  =  0 

(5-15) 


^  a* 


At  the  point  x  =  r^^,  l.e.,  when  the  electrons  arrive  at  the 
plate,  their  velocity  is  determined  by  the  plate  potential.  The 
relation  v  =^^/2eU/m.  where  U  is  the  potential  difference  crossed  by 
the  electrons,  was  derived  earlier.  Substituting  the  quantity  r 


a 


for  X  and  the  value  of  the  velocity  of  the  electrons  passing  to  the 
plate  in  Eq.  (5-15) ^  we  obtain 


S'. 

«S3  -y- . 


(5-16) 


This  is  a  second  expression  for  the  transit  time  of  the  electrons. 
Equating  the  right  members  of  Eqs.  (5-16)  and  (5-1^)  and  replacing 
the  quantity  a  by  its  value  (4icel/F^)  we  obtain 

I 

3f, 

\isr)  - 


(5-17) 


It  Is  possible  to  determine  from  this  equation  the  relation¬ 
ship  between  the  magnitude  of  the  plate  current  and  the  plate  voltage 
for  a  planar  diode: 
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(5-18) 


•  t 

Equation  (5-l8)  shows  that  a  diode  plate  current  that  Is 
limited  by  the  space  charge  Is  directly  proportional  to  the  poten¬ 
tial  difference  between  the  plate  and  the  cathode  raised  to  the 
three- halves  power. 

Substituting  the  values  of  rc  and  e/m,  we  obtain 

w.  [a»p]  (5-19) 

where  U-  Is  expressed  In  volts. 

& 

The  analogous  calculation  for  a  cylindrical  system,  in  which 
the  plate  and  the  cathode  are  coaxial  cylindrical  surfaces, (Fig.  5-6), 
leads  to  the  following  expression  for  the  plate  current: 

f.=2.33.t0-?^e  (5.20) 

Where  r„  Is  the  radius  of  the  plate;  1  Is  the  effective  length  of 
the  plate; 3  ^  Is  a  function  of  the  ratio  of  the  plate  radius  to  the 
cathode  radius. 

The  product  2xr_l  Is  the  size  of  the  plate  surface  absorbing 
current.  In  the  general  case.  It  Is  possible  to  express  the  relation¬ 
ship  between  plate  current  and  plate  voltage  by  the  following  equation: 


I.^GuK  (5-21) 

'  This  equation  Is  called  the  three-halves  law  (the  Chlld- 


Langmulr  law) . 

The  coefficient  G=2.33-10"* depends  on  the  shape  and 
dimensions  of  the  electrodes  of  the  tube.  In  the  case  of  the  plane 
system,  the  function  3^  Is  unity.  In  the  cylindrical  system  of 
electrodes,  the  quantlty3^  a  function  of  the  ratio 


presented  by  Table  5-1  and  represented  graphically  In  Pig.  5-7. 
For  r_/rj^  >  10,  we  may  consider  3^  =  1. 

*^^a  “  ^a  “  ^anod  “  Opiate 


Pig.  5^6,  Cylindrical  arrange— 
ment  of  diode  electrodes. 

1)  Cathodfej  g)  Plate. 
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Pig.  5-7.  Curve  of  function  ft 
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0.4780 

0,4980 

0.5170 

l  •  , 

0 

0,00926 
0.0201 
0.0345 
0,0727 
0.1214 
0.1790 
0,2440 
0.3152 
0.3919 
.  0,4733 
0.5586 
0.6474 
0.7394 
0,8340 
0.9310 
1.030 

1.131 

1.234 

1.338 

1.444 

1.551 

3.2 

3.4 

3.6 

3.8 
4,0 

4.2 

4.4 

4.6 

4.8 
5,0 

.5.2 

1  6.4  ■■ 

5.6 

5.8 
6,0 

6.5 

7.0 

7.5 

8.0 

8.5 

9,0 

9.5 
10.0 

0,5526 
0,5851 
0,6148 
0,6420 
0,6671 
0,6902 
0,7115 
0,7313 
0.7496 
0,7666 
.0.7825 
0,7973 
0,8111 
0,8241 
.  0,8362 
0,8635 
0,8870 
0.9074 
0,9253 
0,9410 
0.9548 
0.9672 
0,9782 

1,7683 

1,9899 

2,2133 

2,4396 

2,6684 

2,8988 

3,1306 

3,3640 

3,5981 

3,8330 

4,0690 

1  4.3054 

4,5422 
4.7798 
6,0172 
5,6128 
6,2090 
6,8055 
7.4024 
7,9985 
8.5932 
9,1884 
9,7820 

The  size  of  the  theoretical  surface  of  the  plate  or,  as  It 
is  usually  called,  the  effective  surface  of  real  diodes  whose  plates 
are  longer  than  the  cathode,  is  computed  on  the  basis  of  the  effec¬ 
tive  length  of  the  cathode  for  all  electrode  systems. 

In  the  case  of  a  plane-system  diode  with  a  directly  heated 
cathode  in  the  form  of  several  loops  (Pig.  5-8),  the  magnitude  of 
the  effective  plate  surface  may  be  determined  with  sufficient  accuracy 

by^e  method  proposed  by  Kuzunoz.  This  method  consists  In  taking 
*  f  ^K.  -  ^^•katod  -  2r,.thode .  ] 
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Pig.  5-8.  Diode  system:  flat 
plate  and  looped  cathode. 

1)  Cathode;  2)  Plate. 

the  projection  of,'-  the  cathode  Pnto  the  plate  as  the  effective  elec¬ 
tron-absorbing  plate  surface,  with  the  width  of  the  cathode  made 
equal  to  twice  the  distance  between  the  cathode  and  the  plate.  When 
the  plate  Is  two-sided,  the  size  of  this  projection  must  be  doubled. 


Pig.  5-9.  Illustrating  determination  of 
effective  plate  siirface  In  diode  having 
looped  cathode. 


If  the  distance  between  the  plate  and  the  cathode  Is  greater 
than  half  the  dlsteince  between  the  points  of  attachment  of  the 
cathode  loops,  the  size  of  the  unknown  surface  may  be  regarded  as 
the  area  of  the  trapezoid  (Pig.  5-9ft) .  When  a  (Pig.  5-9^) 

the  areas  of  the  triangles  formed  between  the  crosshatched  regions 
must  be  subtracted  from  the  area  of  the  trapezoid. 

The  remaining  diode  forms  can  be  reduced  to  the  three  sjrstems  I 


analyzed  for  calculations  the  plane  system,  the  cylindrical  system, 
and  the  plane  system  with  looped  cathode. 

5-2.  VOLT- AMPERE  CHARACTiRISTIC  OP  DIODE. 

The  circuit  presented  In  Pig.  5-10  Is  used  for  the  practical 
determination  of  the  current  flowing  through  the  diode  —  the  plate 
current  —  as  a  function  of  plate  voltage.  The  plate  circuit  of  the 
tube  Is  fed  by  the  direct-current  source  E_*  throxigh  the  potentlomr- 
eter  P.  Heating  the  cathode  is  effected  by  the  source  E^^**  through 
the  regulating  rheostat.  The  magnitude  of  the  plate  current  Is  meas¬ 
ured  by  a  mllllammeter  connected  Into  the  plate  circuit  and  the 
magnitude  of  the  plate  voltage  by  the  voltmeter  which  Is 

connected  In  parallel  with  the  potentiometer.  Connecting  a  plate 
voltmeter  directly  between  the  plate  and  the  cathode  of  the  tube 
Is  Inadmissible,  since  then  the  mllllammeter  will  show  the  sum  of 


Pig.  5-10.  Diagram  for  study 
of  diode,  l)  Potentiometer. 

the  plate  current  of  the  tube  and  the  current  drawn  by  the  voltmeter 
itself.  Usually  these  currents  are  comparable  In  magnitude  and  the 
error  of  the  mllllammeter  readings  when  a  plate  voltmeter  Is  Inqproperly 
connected  may  be  quite  large. 

*[Ea  -  Ea  =  "  ^late'^ 

**[Em  ■  2^  “  ^hakala  “  ®heater‘^ 

***[Va  -  Va  -  Vanod  =  Vate-J 
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Heater  voltage  is  measured  by  the  voltmeter  and  the  heater 
current  by  the  ammeter.  Using  this  system,  It  Is  practically  possi¬ 
ble  to  record  the  volt-ampere  characteristic  of  the  diode,  l.e., 
a  curve  representing  the  plate  current  of  the  tube  as  a  function 
of  plate  voltage.  Theoretically,  the  volt-ampere  characteristic 
of  the  diode  must,  according  to  the  three-halves  law,  be  a  semi- 
cubic  parabola.  Figure  5-11  presents  the  theoretical  characteristic 
of  a  two-element  tube  of  type  6Kh2P  (curve  l)  and  its  real  char¬ 
acteristic  (curve  II) . 

As  is  clear  from  the  curves,  the  real  volt-ampere  character¬ 
istic  differs  from  the  theoretical.  The  cause  of  this  is  that  in 
deriving  the  three-halves  law,  we  made  a  series  of  simplifying  as¬ 
sumptions  which  are  not  met  in  the  real  diode. 

Let  us  consider  the  basic  factors  bringing  about  the  devia¬ 
tion  of  the  real  volt-ampere  curves  of  the  diode  from  the  theoreti¬ 
cal  . 

1.  Influence  of  magnitude  of  cathode  emission.  In  the  deri¬ 
vation  of  the  three-halves  law,  it  was  assumed  that  the  cathode 


Pig.  5-11.  Theoretical  (l)  and 
real  (U)  characteristics  of 
6Kh2P  [RSIBl  diode. 


Pig.  5-12.  Typical  volt-ampere 
characteristics  of  diodes  with 
regions  of  saturation. 

1)  Oxide- coated  cathode;  2)  Tung< 
sten  cathode. 


/ 
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gives  unlimited  emission.  In  practice,  the  Increase  In  the  magni¬ 
tude  of  the  plate  current  Is  limited  by  the  emissive  power  of  the 
cathode.  When  the  plate  current  reaches  a  magnitude  equal  to  the 
cathode  emission  current.  It  undergoes  practically  no  further 
Increase;  saturation  Intervenes.  Saturation  corresponds  to  the 
nearly  horizontal  region  of  the  curve,  as  represented  in  Pig.  5-2. 
However,  distinct  saturation  Is  observed  only  In  tungsten  or  car¬ 
burized  cathodes.  In  tubes  with  oxide-coated  cathodes,  no  clearly 
defined  region  of  saturation  can  be  observed,  and  the  Increase  In 
current  with  Increasing  plate  voltage  continues,  although  more  slowly 
than  on  the  working  segment  of  the  characteristic.  This  phenomenon 
Is  related  to  the  so-called  Schottky  effect,  which  manifests  Itself 
In  Increased  emission  from  activated  surfaces  with  increasing  elec¬ 
tric-  field  strength  at  the  surface. 

In  real  tubes,  the  transition  from  the  ascending  branch  of 
the  curve  to  the  region  of  saturation  occurs  gradually,  as  shown  in 
Pig.  5-13i  this  Is  explained  by  the  temperature  nonuniformity  of 
cathodes  In  real  tubes.  Since  the  emission  from  cooled  regions  of 
the  cathode  Is  smaller  than  from  the  hotter  regions,  the  saturation 
intervenes  In  cooled  regions  at  lower  plate- voltage  values.  Por  this 
reason,  the  current  rise  begins  to  slow  down  at  plate-voltage  values 
smaller  than  the  voltage  corresponding  to  complete  saturation. 

2.  Influence  of  nonequlpotentlallty  of  cathode.  In  deriving 
the  three-halves  law,  the  cathode  potential  was  considered  to  be 
uniform  emd  equal  to  zero  over  the  whole  surface.  This  condition 
holds  true  for  tubes  with  Indirectly  heated  cathodes;  It  Is  not  met 
in  the  case  of  a  directly  heated  cathode.  The  heater  current  flowing 
In  the  cathode  creates  a  voltage  drop  across  it  equal  to  the  heater 
voltage.  As  a  result,  the  potentials  of  different  points  on  the 
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cathode  are  found  to  be  unequal  and,  consequently,  the  potential  dif¬ 
ference  between  the  plate  and  the  various  regions  of  the  cathode 
differs  from  the  plate  voltage.  Figure  5-14  gives  a  schematic  repre¬ 
sentation  of  a  tube  with  direct  heating  In  which  the  negative  pole 
of  the  heater- current  source  Is  connected  to  the  common  point  0. 

In  this  circuit,  the  source  of  the  plate  voltage  U_  and  the  source 

A 

of  the  heater  voltage  are  counterconnected  In  series.  The  poten¬ 
tial  difference  between  the  plate  and  point  0  of  the  cathode  Is  equal 
to  plate  voltage  U.  and  that  between  the  plate  and  point  P  (the 
other  end  of  the  cathode)  Is  equal  to  the  difference  between  the 
plate  voltage  and  the  heater  voltage.  In  the  case  under  considera¬ 
tion,  therefore,  the  potential  difference  between  the  plate  and  a 
given  point  on  the  cathode  (except  for  their  common  point)  Is  less 
than  the  plate  voltage  and  the  magnitude  of  the  plate  current  Is  less 
than  the  theoretical.  For  this  reaspn,  the  volt-ampere  characteristic 
lies  below  the  theoretical.  When  the  positive  pole  of  the  heater- 
voltage  source  Is  connected  to  the  common  point,  the  potentials  of 
all  points  of  the  cathode  are  lower  than  that  of  the  common  point. 

The  potential  distribution  over  the  cathode  for  this  case  Is  repre¬ 
sented  by  the  broken  curve  In  Mg.  5-1^.  When  the  positive  pole  of 


Pig.  5-13.  Influence  of  cathode-  Pig.  5-14.  Potential  distribution 

temperature  nonuniformity  on  the  over  directly  heated  cathode, 

transition  of  volt-ampere  character^ 

Istlc  of  diode  to  region  of  satu¬ 
ration  (Vl-0.1/30).  1)  kw. 


“  ^n  ■  ^nakala  "  ^eaf^ 
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the  heater- voltage  source  is  connected  to  the  common  point,  the  re¬ 
sultant  potential  difference  between  the  plate  and  the  cathode  is 
greater  than  the  plate  voltage,  and  the  volt-ampere  curve  must  run 
above  the  theoretical  characteristic. 

In'  ordinary  diode  circuits,  the  negative  pole  of  the  heater- 
voltage  source  is  connected  to  the  common  point,  £Uid  therefore  in 
designing  these  tubes  we  should  proceed  from  the  relationships 
corresponding  to  this  case. 

The  calculation  of  the  plate  current  of  the  diode  with  a 
directly  heated  cathode  may  be  made  by  the  following  formula  with 
a  correction  for  the  nonequlpotentlallty  of  the  cathode: 


/  = -1-2.33. 10*‘ 


(5-22) 


Values  of  the  function  presented  in  Table  5-2. 


When  the  plate  voltage  exceeds  the  heater  voltage  by  more  than  40 


times,  the  influence  of  the  cathode- potential  nonuniformity  may  be 
disregarded. 

TABLE  5-2. 


W, 

w. 

1  /  V 

ir. 

‘/.I 

'M 

0,2o 

0,031 

1,50 

2,570 

4,0 

16,5 

10,0 

74,0 

0,50 

0.177 

2,00 

4,650 

5.0 

24,1 

15,0 

138,0 

0.75 

0.4M 

2,60 

7,130 

6,0 

32,5 

20,0 

211,0 

1.00 

1,000 

3,00 

9,940 

8.0 

53,0 

40,0 

622,0 

If  the  heater  circuit  of  the  tube  is  fed  by  alternating 
current,  the  potential  difference  between  the  plate  and  the  cathode 
will  be  alternately  higher  and  lower  than  the  plate  voltage.  These 
oscillations  occur  with  the  frequency  of  the  alternating  current. 

As  a  result,  the  plate  current  is  not  a  steady  current  but  a  pul¬ 
sating  current.  This  pulsating  current  may  be  represented  as  the 
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sum  of  a  constant  component  and  an  alternating  component  having 
a  frequency  equal  to  that  of  the  filament  current .  The  magnitude 
of  the  pulsations,  which  Is  given  by  the  ratio  of  the  amplitude  of 
the  alternating  component  to  the  constant  component  of  the  current 
expressed  In  per  cent,  Is  larger  for  higher  fllanient  voltages  and 
lower  plate  voltages . 

In  order  to  suppress  pulsations  In  circuits  with  alternating- 
current  heater  supply  to  the  diode,  we  use  the  connection  shown  In 
Pig.  4-27:  the  centerpolnt  of  the  transformer  filament  winding* 
which  has  a  potential  approximately  equal  to  the  potential  In  the 
center  of  the  cathode,  •  serves  as  the  coitmon  point. 

Then  the  potential  of  one  of  the  ends  of  the  cathode  Is 
higher  at  any  moment  of  time  than  the  potential  of  the  common  point 
by  half  the  Instantaneous  value  of  the  flljunent  voltage,  and  the 
potential  of  the  other  end  is  smaller  by  the  same  amount.  At  a  given 
Instant  of  time,  the  Increase  in  the  potential  difference  between 
the  plate  and  one  half  of  the  cathode  Is  compensated  by  a  decrease 
in  the  potential  difference  between  the  plate  and  the  second  half 
of  the  cathode.  This  hookup  reduces  the  oscillation  of  the  plate 
current  markedly,  but  a  small  amovint  of  pulsation  still  remains. 

This  pulsation  ;.s  due  to  the  inevitable  asymmetry  of  the  emission 
properties  and  dimensions  of  the  cathode  halves  and  also  to  the  non¬ 
linearity  of  the  characteristic.  Only  In  tubes  with  Indirectly  heated 
cathodes,  whose  potential  is  uniform  over  the  entire  surface,  is 
It  possible  to  eliminate  completely  the  pulsations  stemming  from  the 
oscillation  of  the  cathode  potential. 

3.  Influence  of  emission  properties  of  cathode  on  plate  cur¬ 
rent  of  diode.  There  Is  no  connection  with  the  emission  properties 
of  the  cathode  in  any  of  the  formulas  considered  for  the  calculation 
of  the  diode  plate  ciurrents.  Tube-manufacturing  practice  has  shown. 


164 


however,  that  the  parameters  of  the  diode,  Including  plate  current. 


depend  essentially  on  the  magnitude  of  the  cathodic  emission  and, 
consequently,  on  the  technology  of  tube  construction.  This  depen¬ 
dence  stems  from  the  following  causes. 

First,  In  deriving  the  three- halves  law.  It  was  as sinned  that 
the  potential  minimum  was  situated  at  the  cathode  and  the  potential 
difference  between  the  plate  and  the  space  charge  was  equal  to  the 
plate  voltage.  In  reality.  It  Is  necessary  to  take  Into  account  the 
distance  from  the  cathode  to  the  potential  minimum  and  the  magni¬ 
tude  of  the  potential  minimum,  l.e.,  quantities  depending  on  the 
emission  of jthe  cathode.  Taking  this  correction  Into  account,  the 
formula  for  the  plate  current  assumes  the  following  form: 


(5-23) 


where  Is  the  distance  from  the  cathode  to  the  potential  minimum 
and  Ujjj  Is  the  magnitude  of  the  potential  minimum.  In  practice,  the 
distance  from  the  cathode  to  the  potential  minimum  at  ordinary  plate 
voltages  Is  a  few  microns  and  the  magnitude  of  the  potential  minimum 
Is  of  the  order  of  hundredths  or  tenths  of  a  volt .  For  this  reason, 
these  quantities  should  be  taken  Into  consideration  only  when  the 
distance  between  the  cathode  cmd  the  plate  Is  short  emd  the  late 


voltage  Is  small. 

Secondly,  the  cathodes  of  real  tubes  have  different  emis¬ 
sion  properties  In  different  regions.  Poorly  activated  regions  of 
the  cathode  possess  little  emission  and  work  In  the  saturation  mode, 
and  this  lowers  the  magnitude  of  the  plate  current  as  compared  with 
the  theoretical. 


It  follows  from  the  above  that  the  magnitude  of  the  diode 
plate  current  depends  to  a  high  degree  on  the  fabrication  process. 
This  Is  also  true  for  other  types  of  electron  tubes. 
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5-3.  PARAMETERS  OP  THE  DIODE. 

For  practical  utilization  of  the  diode,  it  is  Important  to 

know  how  the  plate  current  varies  with  varying  plate  voltages,  l.e., 

how  steeply  the  volt-ampere  characteristic  rises.  Since  the  shape 

of  the  volt-anpere  characteristic  approximates  a  semlcublc  parabola, 

the  steepness  of  its  ascent  differs  for  different  plate  voltages. 

For  this  reason,  it  is  possible  ‘in  considering  any  region  of  the 

curve  to  speak  of  an  average  slope  of  the  curve  in  that  region  and 

replace  it  by  a  straight  line.  Let  us  consider  the  volt-ampere  curve  ! 

of  a  diode  (Plg.  5-15) •  At  a  given  value  of  the  plate  voltage  U‘, 

the  plate  current  has  a  value  of  I ’ .  A  change  in  the  plate  voltage 

& 


Pig.  5-15.  Illustrating 
definition  of  the  slope 
of  a  diode. 


to  U"  brings  about  a  change  in  the  plate  current  to  I".  The  diode's 
average  slope  in  the  segment  from  U_  •=  U'  to  U_  =  U"  is  defined  as 
the  ratio  of  the  plate- current  Increment  to  the  plate- voltage  incre¬ 


ment  that  produced  it: 


(5-84) 


Consequently,  the  average  slope  of  the  diode  shows  by  how 
much  the  diode  plate  current  changes  when  the  plate  voltage  changes 
by  1  V  in  a  given  plate- voltage  Interval.  As  this  Interval  is  made 
smaller,  the  value  of  average  slope  approaches  the  true  value.  At  the 

“  ®sr  “  ^srednyy  “  ^average •  ^ 


limit,  with  An  tending  to  zero,  we  obtain  the  value  of  the  slope  at 
8> 


the  point  In  question: 


5  = 


(5-25) 


Expressing  the  value  of  the  plate  current  according  to  the  three- 
halves  law,  In  Bq.  (5-25)  and  differentiating,  we  get  an 

expression  for  the  slope  at  the  given  point : 


au^  i  ] 


(5-26) 


Replacing  the  quantity  0  by  Its  value  12,33*J0"*-!^,  *,  we  finally 

\  V 


obtain 


|5=3,5-I0-*^^f/f :[  anp/v] 


Comparing  E<  .  (5-26)  with  the  formula  of  the  three-halves 
law,  we  may  obtain  the  relationship  between  the  magnitude  of  the 
plate  current  and  the  slope  at  any  point  of  the  curve: 


o(/v.  . 


(5-28) 


from  which 


(5-29) 


Since  the  characteristic  of  the  real  diode  differs  from  the 
theoretical,  the  diode  slope  may  be  calculated  for  practical  pur¬ 
poses  directly  from  the  characteristic  registered  from  a  real  tube. 

The  slope  at  a  given  point  (at  a  given  plate  voltage)  may  be  deter¬ 
mined  by  drawing  the  tangent  to  that  point  of  the  curve.  Such  a  con¬ 
struction  Is  shown  In  Pig.  5-l6.  The  slope  Is  determined  In  this 
case  by  the  slope  «<.  of  the  tangent  calculated  In  the  scale  on  which  | 
the  curve  Is  constructed. 

A  diode  connected  Into  an  alternating- current  circuit  nuty  be 
*^^a.aa  “  ^a.ef  “  ^anode,  effectlvnaya  “  Opiate,  effective*^ 
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Pig.  5-16.  Determination 
of  the  slope  at  a  given 
point  of  curve  with  the 
aid  of  a  tangent .  j 


regarded  as  a  resistance  across  which  a  voltage  drop  forms.  Since  the 
relation  between  the  diode  current  and  the  voltage  drop  across  the 
diode  is  not  linear,  a  plate-voltage  change  corresponds  to  different 
changes  in  the  voltage  drop  across  the  tube  in  different  regions  of 
the  diode  characteristic.  The  relationship  in  which  the  voltage  drop 
varies  with  plate-current  changes  is  characterized  by  a  second  param¬ 
eter  of  the  diode,  the  internal  resistance  to  alternating  current.  If 
the  plate-current  change  AI^  corresponds  to  a  plate-voltage  change 

SL 


Au  ,  the  internal  resistance  of  the  tube  is 
a 

•<1-'  u,  • 


(5-30) 


On  conparlng  Eq.  (5-30)  and  (5-24)  we  find  that  the  inter¬ 
nal  resistauice  of  a  diode  is  the  reciprocal  of  the  slope 

/f,=  ^  (5-31) 

For  this  reason,  the  slope  is  sometimes  measured  in  con¬ 
ductivity  units;  mhos  or  micromhos 

The  potential  difference  between  the  plate  and  the  cathode 
of  a  diode  forms  an  electric  field  which  expends  energy  in  carrying 
the  electrons  from  the  cathode  to  the  plate.  The  energy  expended  in 
the  transfer  of  one  electron  is  equal  to  the  kinetic  energy  acquired 
by  the  electron  on  its  path  to  the  plate: 
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(5-32) 


where  v  Is  the  velocity  of  the  electron  arriving  at  the  plate. 
Assuming  the  Initial  electron  velocities  to  be  zero,  we  obtain 


I  (5-33) 

As  the  fast-moving  electrons  hit  the  plate,  all  their  kinetic 
energy  Is  given  up  to  the  plate  and  converted  Into  energy  of  thermal 
agitation  of  the  atoms  and  molecules  of  the  plate's  material.  The 
energy  coming  to  the  plate  In  1  sec,  l.e.,  the  power  developed  at 
the  plate.  Is  equal  to  the  product  of  the  energy  of  one  electron  by 
the  number  of  electrons  hitting  the  plate  In  the  course  of  1  sec; 


I  P^=^Nw,=NeU,.  (5-34) 

where  Is  the  power  developed  at  the  plate  and  N  Is  the  number  of 

a 

electrons  c  omlng  to  the  plate  In  1  sec .  The  product  Ne  Is  the  quan¬ 
tity  of  charge  coming  to  the  plate  In  the  course  of  1  sec,  l.e., 
the  plate  current  of  the  diode.  Consequently, 

!  (5-35) 

Thus,  all  of  the  electric  power  lost  In  the  diode  Is  liber¬ 
ated  at  the  plate  In  the  form  of  heat. 

In  the  steady-state  mode  which  corresponds  to  a  constant 
plate  temperature,  the  entire  power  coming  to  the  plate  must  be  given 
off  by  the  plate  to  the  surrounding  space.  Plates  situated  Inside 
bulbs  dissipate  power  by  emission  and  by  conduction  of  heat  through 
the  congjonents  supporting  the  plate.  The  major  peu^t  of  the  power 
Is  emitted,  and  the  power  withdrawn  by  the  supporting  components 
Is  often  disregarded  In  calculation. 

According  to  the  Stefan-Bolzmann  law,  the  power  radiated  by 
a  heated  surface  Is 
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(5-36) 


:  P  =  taT*F  ** 

'^MJI  '  HIJI’ 

where  Pj_22^  1b  the  area  of  the  emitting  surface. 

It  is  evident  from  Eq.  (5-36)  that  the  temperature  of  the 
plate  Is  proportional  to  \/Pg^>  considering  that 

The  admissible  plate  working  temperature  is  limited  firstly 
by  the  possibility  of  its  becoming  distorted  at  high  temperature 
and  secondly  by  the  phenomenon  of  additional  heating  of  the  cathode 
by  the  emission  from  the  Internal  surface  of  the  plate.  This  pheno¬ 
menon  is  particularly  dangerous  in  tubes  with  oxide-coated  cathodes, 
since  overheating  of  an  oxide-coated  cathode  brings  about  its 
rapid  disintegration. 

Two  methods  may  be  used  in  order  to  Increase  the  power  dis¬ 
sipated  by  the  plate  without  Increasing  its  temperature;  blackening 
the  surface,  which  raises  the  emission  coefficient,  and  by  consruc- 
tlon  of  plates  with  Increased  emission  surfaces  achieved  by  addi¬ 
tional  ribbing. 

It  should  be  noted  that  the  working  temperature  of  the  tube 
plate  must  not  exceed  the  plate  heating  temperature  at  the  time  of 
tube  evacuation.  Otherwise  additional  evolution  of  gas  from  the 
plate  may  occur  and  lead  to  deterioration  of  the  vacuum  in  the  tube 
and  tube  failure. 

In  case  the  necessary  power  cannot  be  dissipated  by  emission 
alone,  the  plates  are  air-  or  water-cooled. 

5-4.  APPLICATIONS  OP  DIODES. 

a)  Rectification  of  low-frequency  alternating  currents.  The 

basic  application  of  diodes  is  the  rectification  of  alternating  cur- 

rents  (such  diodes  are  called  kenotrons).  The  circuit  of  the  simplest 
“  ^izl  “  ^izluchenia  “  ^emission’ ^ 

^Izl  “  ^Izluchenia  *  ^emission*  ^ 
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diode  rectifier  Is  shown  In  Pig.  5-17.  In  this  circuit,  the  diode 
Is  connected  In  series  with  the  load  R  In  the  secondary- winding 
circuit  of  the  transformer.  In  the  half-cycle  when  the  plate  Is 
positive  with  respect  to  the  cathode,  a  current  flows  through  the 
tube  and  the  load,  and  the  transformer  voltage  Is  distributed  be¬ 
tween  the  tube  and  the  load.  In  the  positive  half-cycle,  therefore, 
the  plate  voltage  Is  lower  than  the  voltage  of  the  secondary  trans¬ 
former  winding.  No  current  flows  through  the  diode  In  the  negative 
half-cycle  and  the  voltage  drop  across  the  load  Is  zero.  For  this 
reason,  the  whole  transformer  voltage  falls  on  the  tube  In  the  nega¬ 
tive  half- cycle. 

Figure  5-18  shows  the  curves  of  variation  of  the  trans¬ 
former  voltage,  the  plate  current  and  the  plate  voltage  for  a  tube 
working  In  the  circuit  under  consideration.  As  Is  evident  from  these 
curves,  a  pulsating  direct  current  flows  through  the  load.  In  order 
to  level  the  pula&tlons,  a  rather  large  capacitance  Is  connected  In 


Pig.  5- 19.  Half-wave  rectifier  and  current  In  half-wave 

with  capacitive  output.  rectifier  without  a  filter. 

^Tr  “  ^Transformator  “  '^Transformer'^ 


parallel  with  the  load  (Plg.  5-19)  to  serve  as  a  smoothing  capaci¬ 
tance.  In  the  positive  half-cycle,  the  capacitor  Is  charged  to  a 
potential  equal  to  the  maximal  voltage  drop  across  the  load.  When 
the  transformer  voltage  decreases,  the  capacitor  begins  to  discharge 
across  the  load,  supporting  a  current  in  it.  If  the  capacitance  of 
the  capacitor  is  large,  the  discharge  time  of  the  capacitor  across 
the  load  may  be  much  larger  than  the  period  of  the  voltage  to  be 
rectified  and  by  the  time  the  voltage  across  the  transformer  In¬ 
creases  In  the  subsequent  period,  the  voltage  on  the  capacitor  re¬ 
mains  quite  high.  For  this  reason,  the  pulsation  of  the  voltage  In 
the  load  becomes  relatively  small,  as  shown  by  the  curve  In  Pig.  5-20. 

This  diagram  shows  the  time  curves  of  the  voltage  across 
the  secondary  winding  of  the  transformer,  the  tube  plate  current, 
the  plate  voltage,  and  the  voltage  across  the  load,  which  Is  equal 
to  the  voltage  across  the  parallel- coruiected  capacitor. 


Fig.  5-20.  Curves  of  the  working  process 
in  half-wave  rectifier  with  capacitive 
output,  l)  Charge;  2)  Discharge. 

At  any  moment  of  time,  the  voltage  across  the  tube  Is  equal 
to  the  algebraic  sum  of  the  transformer  secondary  voltage  and  the 
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capacitor  voltage . 

In  the  positive  half-cycle,  the  transformer  and  Capacitor  are 
opposed,  and  tube  current  flows  only  when  the  transformer. voltage,  ex¬ 
ceeds  the  capacitor  voltage;  the  diode  current  then  rapidly  rises  to 
the  maximum  value,  the  capaclcor  begins  to  discharge,  and  the  current 
begins  to  decline  again  in  the  second  quarter  of  the  cycle.  When 
the  plate  current  begins  to  decline,  the  capacitor  begins  to  dis¬ 
charge  slowly  at  first,  since  part  of  the  load  current  flows  through 
the  tube,  and  then  when  the  voltage  across  the  transformer  becomes 
equal  to  zero,  the  discharge  proceeds  exponentially.  Thus,  the  plate 
current  flows  during  only  part  of  the  positive  half-cycle,  which  . 
is  given  by  the  angle  20.  The  pulsations  are  the  smaller  the  greater 
the  output  capacitance  of  the  rectifier  and  the  greater  the  resis¬ 
tance  of  the  load,  i.e.,  the  smaller  the  load  current. 

The  half-wave  rectifier  circuit  Is  used  comparatively  rarely, 
since  it  enables  us  to  use  only  half  the  transformer  power  and  the 
pulsations  of  the  rectifying  voltage  that  arise  in  half-wave  rectifi¬ 
cation  are  h£U?d  to  level,  even  by  using  massive  filters. 

A  considerably  more  common  circuit  is  the  full- 
wave  rectifier,  one  variant  of  which  is  represented  in  Pig.  5-21. 


Pig.  5-21.  Pull- wave  rectifier  circuit 
with  pl-sectlon  filter,  l)  Choke. 

The  secondary  winding  of  the  transformer  has  a  center-point  tap, 
which  la  the  negative  leadout  of  the  rectifier  output.  The  two  keno- 
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trons  work  alternately  every  half-cycle.  Here  the  rectlfled-current 
pulses  pass  through  the  load  in  each  half-period  and  the  average 
rectified  current  Is  twice  as  large  as  In  half-wave  rectification. 
Filters  composed  of  capacitors  and  chokes  are  used  to  smooth  the 
pulsations.  A  so-called  pl-sectlon  filter  Is  utilized  In  the  cir¬ 
cuit  shown.  The  capacitor  of  the  filter  is  connected  In  parallel 
to  the  circuit  formed  by  the  choke  Dr^  and  load  R.  Since  the  capaci¬ 
tor  possesses  a  large  capacitance,  the  Impedance  which  it  pre¬ 
sents  to  the  alternating  component  of  the  rectified  current  Is  low 
and  the  voltage  drops  of  the  alternating  component  across  It  and, 
consequently,  across  the  segment  of  the  choke-load  circuit  parallel 
to  it,  are  also  small.  In  other  words,  the  capacitance  shunts 
the  load  circuit,  diverting  the  alternating  component  of  the  recti¬ 
fied  c^lrrent.  On  the  other  hand,  the  choke  possesses  high  Impedance 
and  offers  little  resistance  to  direct  current.  For  this  reason, 
the  alternating  component  of  the  voltage  applied  to  the  choke-load 
series  circuit  Is  largely  lost  In  the  choke  and  the  direct  compo¬ 
nent  Is  applied  almost  completely  to  the  load.  The  small  load- 
voltage  pulsation  Is  further  smoothed  out  by  the  capacitor  Cg. 

The  basic  parameters  of  a  rectifying  circuit  are  the  rectl¬ 
fled-current  values  at  a  given  rectified  voltage  TJ.  The  following 
method,  which  Is  based  on  the  approximate  theory  of  rectifier  design, 
may  be  used  to  convert  from  these  circuit  parameters  to  kenotron 
parameters . 

Let  us  denote  the  ratio  of  the  rectified  voltage  to  the 
amplitude  of  the  alternating  transformer  voltage  byiri: 
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Dr  =  Drossel  =  choke.] 
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The  quantity  Is  called  the  rectification  efficiency  and  7^^=  cose 
when  the  capacitance  of  the  filter  Is  sufficiently  great.  In  a  half¬ 
wave  circuit,  the  quantity  Is  equal  to  the  voltage  amplitude 

in  the  transformer  secondary  winding,  and  In  a  full-wave  circuit 
to  half  the  voltage  amplitude  of  the  whole  secondary  winding. 

The  ratio  of  the  plate-current  amplitude  to  the  rectified 
current  is  a  function  of  the  coefficient 

!-^=-.=n,k  (5-38) 

The  curve  of  n  =  f(7^)  Is  shown  in  Pig.  5-22.  In  a  full-wave  recti¬ 
fier  circuit,  the  rectified  current  at  one  plate  Is  equal  to  half 
the  total  rectified  current. 

Having  determined  the  value  of  n,  we  can  find  the  plate- 
current  amplitude  =  nT.  Obviously,  the  plate  current  reaches 
the  amplitude  value  at  the  greatest  plate  voltage.  The  magnitude 
of  the  plate  voltage  amplitude  may  be  determined  as  the  difference 
between  the  transformer  voltage  amplitude  and  the  filter-capacitor 
voltage.  It  Is  assumed  In  the  calculation  that  the  capacitor's 
capacitance  Is  so  large  that  the  voltage  across  It  remains  constant 
and  equal  to  TJ;  then 


o 


(5-39) 

The  tube  may  be  designed  on  the  basis  of  the  values  found 

for  I__  and  u 
am  am 

b)  Diode  detection.  Radio- telephone  transmission  is  accom¬ 
plished  by  sending  into  space  modulated  high-frequency  oscillations, 
l.e.,  oscillations  whose  amplitude  or  frequency  varies  periodically 
at  a  considerably  lower  (audio)  frequency.  If  the  amplitude  of  the 
high-frequency  oscillations  is  varied,  the  modulation  is  called 
amplitude  modulation  (Fig.  3-23a} . 
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Pig.  5-22.  Curve  of  function  Pig.  5-23.  Curves  of  modulated 
n  =  f(T() .  signal  (a),  voltage  across  detector 

load  (b),  and  diode  plate  current  (c). 

In  the  receiver,  it  Is  necessary  to  separate  the  low-fre¬ 
quency  modulating  oscillations  which  are  delivered  to  the  output 
of  the  device  after  amplification.  The  process  of  sep«u?ating  the 
modulating  oscillations  Is  called  detection. 


Pig.  5-24.  Circuit  of  diode 
detector.  1)  Signal  input; 
2)  Low-frequency  output. 


Plgui’e  5-24  shows  the  simplest  diode-detector  circuit,  which 
Is  a  half-wave  rectifier  with  an  output  capacitance.  An  oscillatory 
network  tuned  to  the  frequency  of  the  signal  being  received  serves 
as  the  Input  of  the  circuit.  A  diode  and  a  load  shunted  by  the 
capacitor  C^  are  connected  In  series  with  the  network.  The  capaci¬ 
tance  C^  and  the  load  resistance  are  selected  In  such  a  way  that 
the  capacitor's  discharge  time  across  the  load  will  be  much  longer 
than  the  period  of  the  hlgtv frequency  signal  oscillations  and  shorter 

'  *Wruzka  “  ^oad*^ 
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than  the  period  of  the  low-frequency  modulating  oscillations.  Then 
the  capacitor  smooths  out  the  high-frequency  pulsations  of  the 
rectified  voltage  but  cannot  smooth  out  the  low  frequency  tube- 
current  changes.  As  a  result,  a  voltage  drop  which  varies  with  a 
frequency  equal  to  the  frequency  of  the  modulating  oscillations  forms 
across  the  load  as  shown  in  Pig.  5- 23b. 

Since  the  amplitude  of  the  signal  voltage  is  usually  small, 
diodes  intended  for  work  in  detection  circuits  work  at  low  plate 
voltages  and,  consequently,  with  small  plate  currents. 


Chapter  Six 

THE  THREE- ELECTRODE  TUBE  ^  THE  TRIODE 

6-1.  OHE  ARRANOEMENT  and  principle  op  operation  op  the  TRIODE 

An  electron  tube  In  which  there  Is  a  third  electrode  —  a  grid  — 
placed  In  the  space  between  the  plate  and  the  cathode  Is  called  a 
trlode.  This  electrode  can  be  made  In  the  form  of  a  wire  mesh  or  In 
the  form  of  a  helix  surrounding  the  cathode,  or  It  can  be  made  up 
of  a  series  of  rods  parallel  to  the  cathode,  etc.  Plgure  6-1  shows 
the  simplest  designs  for  trlodes  using  directly  and  Indirectly  heated 
cathodes,*  It  also  shows  their  schematic  symbols. 

If  the  grid  has  a  certain  potential  with  respect  to  the 
cathode.  It  will  Influence  the  potential  distribution  In  the  space 
between  the  anode  and  the  cathode;  and,  consequently.  It  will  control 
the  number  of  electrons  that  leave  the  space  charge.  If  the  grid  Is 
negative  with  respect  to  the  cathode.  It  will  have  a  retarding  action 
on  the  electrons  leaving  the  cathode,  thus  decreasing  the  plate  current. 
When  the  grid  has  a  positive  potential.  It  helps  the  plate,  as  It  were, 
to  attract  electrons  from  the  space  charge  surrounding  the  cathode. 

In  this  case,  a  part  of  the  electrons  fall  directly  on  to  the  grid, 
creating  a  grid  current;  but  the  greater  part  of  the  electrons  reach 
the  plate,  emd  the  plate  current  Is  Increased.  Consequently,  the,  grid 
In  a  trlode  Is  a  control  electrode,  and  by  changing  Its  potential,  the 
magnitude  of  the  plate  current  can  be  varied  over  wide  ranges . 

In  considering  the  electric  field  In  the  trlode,  we  shall 
select  a  plane  system  analogous  to  the  system  that  we  selected  for  our 
consideration  of  the  field  In  the  diode.  In  the  space  between  the 
plate  and  the  cathode  we  shall  place  a  grid  In  the  form  of  parallel 
rods  (turns)  positioned  In  the  plane  parallel  to  the  planes  of  the 
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Fig.  6>1.  Examples  of  designs  for 
trlodes  using  an  Indirectly  heated 
cathode  (a]  and  a  directly  heated 
cathode  (b) . 


Pig.  6-2.  Pictorial  representa¬ 
tion  of  a  plane  trlode  system. 
1)  Heater;  2)  Grid;  3)  Plate. 


plate  and  the  cathode,  as  shown  in  Pig.  6-2, 

The  electric  field  In  the  interelectrode  space  of  the  trlode 
Is  determined  by  the  common  action  of  the  potentials  of  the  plate  and 


the  grid.  In  the  plane  of  the  turns  of  the  grid,  the  potential  changes 
periodically  In  a  direction  perpendicular  to  the  turns;  the  field  In 


the  triode  Is  nonhomogeneous . 

Figure  6- 3a  shows  a  picture  of  the  electric  field  In  a  plane 
trlode  when  the  grid  has  a  negative  potential  and  the  plate  has  a 
positive  potential.  The  electrons  from  the  space  charge  at  the  cathode 
are  accelerated  by  this  form  of  field;  and,  passing  through  the  Inter- 
tum  space  of  the  grid,  fall  upon  the  plate.  During  this  process,  al¬ 
most  the  whole  distance  between  the  turns  will  permit  the  passage  of 
electrons,  since,  except  for  those  sections  Immediately  adjacent  to 
the  turns,  the  region  has  a  positive  potential.  It  Is  evident  that  the 
magnitude  of  this  potential,  which  Is  dependent  on  the  potentials  on 
the  plate  and  the  grid  turns  and  on  the  mutual  positions  of  the  elec¬ 
trodes,  will  In  turn  determine  the  magnitude  of  the  current  taken  off 
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the  cathode. 

Let  us  construct  the  graph  of  the  potential  variation  in  two 
directions;  the  first,  from  the  cathode  to  the  plate  through  the 
middle  of  the  Intertum  space;  and  the  second,  from  the  cathode  to 
the  plate  through  the  turns  of  the  grid.  In  constructing  the  grapl;i,  we 
will,  as  before,  consider  the  potential  of  the  cathode  to  be  zero. 

The  curves  are  shown  in  Fig.  6- 3b  (the  potential  minlmxan  at  the  cathode 
formed  by  the  space  charge  is  not  iitdlcated  on  the  curves) . 


Pig.  6-3.  Representation  of  the  Pig.  6-4.  Representation  of  the 
electric  field  In  a  trlode  and  electric  field  in  a  trlode  when 

distribution  of  potentials  when  the  space  between  the  turns  has 

the  grid  has  a  negative  potential  a  negative  potential.  1)  drld; 
end  the  space  between  the  turns  2)  flate. 
has  a  positive  potential.  1}  Cath¬ 
ode;  2)  Orld;  3)  Plate. 

The  electrons  whose  motion  Is  directed  through  the  middle  of 
the  Intertxxrn  space,  as  Is  evident  from  the  graph,  enter  a  accelerat¬ 
ing  field  and  move  directly  toward  the  plate.  The  electrons  whose 
motion  Is  directed  toward  a  turn  experience  a  repulsive  force,  and 
part  of  them  return  to  the  cathode.  Some  of  these  electrons  flow 
*[b  -  v  »  vol't  »  volt.] 
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around  the  turn,  leave  the  grid,  and  move  through  the  part  of  the  Intar- 
tum  space  which  is  at  a  positive  potential. 

If  the  potential  of  the  grid  is  lowered,  it  is  possible  to  ob¬ 
tain  a  potential  distribution  such  that  the  potential  in  the  Interturn 
space  will  become  negative.  A  representation  of  such  a  field  is  shown 
in  Pig.  6-4.  In  this  -case,  all  the  electrons  of  the  space  charge  that 
surrounds  the  cathode  are  in  a  retarding  field  and  are  unable  to  move 
through  the  grid.  The  tube  is  cut  off. 

In  the  case  where  the  grid  is  charged  positively,  the  space 
between  the  turns  is  at  a  higher  potential  and  a  larger  current  is 
taken  off  the  cathode.  Figure  6-5  shows  a  representation  of  the  elec¬ 
tric  field  in  a  trlode  when  the  grid  is  positive. 


Pig.  6-5.  Representation  of  the 
electric  field  in  the  trlode  and 
the  potential  distribution  when  the 
grid  has  a  positive  potential. 

1)  Cathode;  2)  Orld;  3)  Plate. 


In  comparing  the  representations  of  the  electric  field  for 
various  values  of  grid  potential,  it  is  evident  that  a  variation  In 
the  grid  potential  has  a  powerful  influence  on  the  field  In  the  space 


between  the  cathode  and  the  grid.  The  electric  field  In  the  region  be¬ 
tween  the  grid  and  the  plate  is  changed  little  by  a  variation  in  grid 
potential. 

6-2.  THE  EQUIVALENT  DIODE  VOLTAGE  OP  THE  TRIODE 

The  magnitude  of  the  current  taken  off  the  cathode  of  the 
trlode  can  be  determined  if  the  potential  distribution  in  the  plane 
of  the  grid  is  known. 

However,  since  the  potential  at  different  points  of  the  grid 
plane  is  not  the  same,  such  a  calculation  is  very  complicated.  There¬ 
fore,  in  calculating  the  currents  in  the  trlode,  it  is  expedient  to 
replace  this  variable  grid  potential  by  the  averaged  potential,  con¬ 
stant  over  the  whole  surface  of  the  grid,  whose  action  Is  equivalent 
to  the  action  of  the  nonhomogene ous  potential  of  the  grid  plane.  In 
other  words,  the  common  action  of  the  plate  and  grid  of  the  trlode  on 
the  cathode  may,  for  purposes  of  calculation,  be  replaced  by  the  action 
of  a  plate  placed  at  the  location  of  the  grid  of  the  triode  and  having 
a  plate  current  such  that  the  plate  current  of  the  diode  thus  ob¬ 
tained  Is  equal  to  the  current  leaving  the  cathode  In  the  trlode. 

This  method  of  calculating  the  currents  In  a  trlode  Is  called 
the  reduction  of  the  trlode  to  the  equivalent  diode. 

The  plate  potential  of  the  equivalent  diode  Is  called  the 
equivalent  (resultant)  diode  voltage.  If  this  voltage  Is  expressed  by 
means  of  the  known  magnitudes  of  the  plate  and  grid  potentials.  It 
Is  possible  to  calculate  the  currents  of  the  trlode. 

In  the  determination,  the  electrostatic  action  of  the  plate 
of  the  equivalent  diode  on  the  cathode  must  be  the  same  as  the  re¬ 
sultant  electrostatic  Influence  of  the  plate  and  the  grid  of  the 
trlode  on  the  cathode.  !Rie  electrostatic  Influence  of  one  electrode 
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on  another  Is  determined  by  the  charge  Induced  on  the  latter  electrode. 
The  magnitude  of  this  charge  Is  equal  to  the  product  of  the  capaci¬ 
tance  between  the  electrodes  and  the  potential  difference  between  them. 
Let  us  denote  the  capacitance  between  the  plate  and  the  cathode  of 
the  trlode  by  C_  ,,  ,  the  capacitance  between  the  grid  and  the  cathode 
by  Cc  ,  and  the  capacitance  between  the  plate  of  the  equivalent 
diode  auid  the  cathode  by  C  (Pig.  6-6) . 


Pig.  6-6.  Diagram  for  the 
determination  of  the  equiva¬ 
lent  diode  voltage  of  the 
trlode.  a)  Trlode  capaci¬ 
tances;  b)  Equivalent  diode. 


Then  the  charge  Induced  by  the  plate  of  the  trlode  on  the 
cathode  Is  equal  to: 

(6-1) 

the  charge  Induced  by  the  grid  of  the  trlode  on  the  cathode: 

(6-2) 

the  charge  Induced  by  the  plate  of  the  equivalent  diode  on  the  cathode: 

Q=CC/,.*  (6-3) 

where  U_  is  the  plate  potential; 

U  is  the  grid  potential;  and 

is  the  equivalent  (resultant)  diode  voltage. 

Since  the  action  of  the  plate  of  the  equivalent  diode  Is  equal 
by  definition  to  the  total  action  of  the  plate  and  grid  of  the  trlode. 


we  may  write: 

^d  “  ^deystvuyushchly 


^equivalent  *  ^ 


(6-4) 
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Substituting  the  values  of  the  magnitudes  of  the  charges,  we 

obtain: 

'  C£',-C,.,£/,+C..£/..  (g. 

As  an  approximation^  we  may  take  that  ^  k  ^a  k‘ 


Cc  ,t/c  +  C,  „t/, 
^c.«  ^a.ic 


(6-6) 


Dividing  the  numerator  and  denominator  of  the  rlghthand  side 
of  equation  (6-6)  by  C  ^  and  writing 


we  finally  obtain: 


in  t/a  +  OU. 
i  +  n  ■ 


(6-7) 


Expression  (6-7)  determines  the  magnitude  of  the  equivalent 
diode  voltage  of  the  trlode.  The  quantity  D  Is  dalled  the  penetrance 
of  the  trxode.  Since  the  penetrance  Is  a  ratio  between  the  plate-to- 
cathode  capacitance  and  the  grid- to- cathode  capacitance.  It  Is  depen¬ 
dent  only  on  the  geometry  of  the  tube  electrodes.  The  grid  Is  closer 
to  the  cathode  than  the  plate  Is,  and  It  partially  screens  the  plate 
from  the  cathode.  Therefore,  the  plate- to- cathode  capacitance  Is 
always  less  than  the  grid- to- cathode  capacitance,  and,  consequently, 
the  penetrance  Is  less  than  vuilty.  If  D*^!,  It  may  be  neglected  In 
the  denominator  of  Eq.  (6-7).  A  simpler  expression  Is  thus  obtained 
for  the  equivalent  diode  voltage,  and  this  expression  Is  often  used 
In  approximate  calculations: 


(6-8) 

The  physical  significance  of  the  penetrance  consists  In  the 
fact  that  It  characterizes  the  degree  of  penetration  of  the  plate 
field  toward  the  cathode;  and,  consequently.  It  determines  the  amount 
of  participation  of  the  plate  potential  In  the  equivalent  diode 


-  184  - 


voltage  of  the  triode. 

By  means  of  the  known  magnitude  of  the  equivalent  diode  voltage. 
It  Is  possible  to  calculate  the  currents  In  the  triode.  Since  the 
current  coming  from  the  cathode  of  the  triode  Is  equal  by  definition 
to  the  plate  durrent  of  the  equivalent  diode,  the  former  current  may 
be  determined  by  the  three-halves  law  by  substituting  the  magnitude 
of  the  equivalent  diode  voltage  into  the  formula  In  place  of  the 
magnitude  of  the  plate  voltage.  Then  the  magnitude  of  the  current 
coming  from  the  cathode  of  the  ttlode  may  be  determined  according 
to  the  formula 


/*=2.3310-* 


n. 


»<)> 


ul 


(6-9) 


The  geometrical  coefficient  in  this  formula  refers  to  the 
dimensions  of  the  plate  of  the  equivalent  diode.  Therefore,  the 
distance  from  the  plate  to  the  cathode  should  be  taken  equal  to  the 
grld-to-cathode  distance  In  a  triode  of  plane  construction  and  equal 
to  the  radius  of  the  grid  In  a  triode  of  cylindrical  construction. 

The  coefficient^  Is  also  a  function  of  the  ratio  of  the  grid  radius 
to  the  cathode  radius. 

The  effective  surface  for  the  plate  that  Is  positioned  In 
place  of  the  grid  Is  calculated  according  to  the  same  rules  as  In 
the  diode. 

If  the  grid  has  a  negative  potential,  there  Is  no  grid  current. 
Then  equation  (6-9)  will  be  the  equation  for  the  plate  current  of 
the  triode: 


(6-10) 

When  the  grid  has  a  negative  potential,  the  cathode  ciurent 


■  ^s.ef.  “  ^setka,  effektlvnyy  “  ^grld,effectlve. ] 
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is  distributed  between  the  grid  and  the  plate  of  the  tube.  Denot¬ 
ing  the  ratio  of  the  currents  by 


where  k  Is  the  current-distribution  factor,  and  knowing  that  1^^  +  I 


=  we  obtain: 


*.=*+1^.-  (6-11) 

Then  the  equation  for  the  plate  current  of  the  triode  when  the  grid 
has  a  positive  potential  takes  the  following  form: 

The  same  corrections  that  were  introduced  into  the  equation 
for  the  plate  current  of  the  diode  are  valid  for  the  equation  of  the 
plate  current  in  the  triode.  When  the  magnitude  of  the  equivalent 
diode  voltage  Is  small,  the  contact-potential  difference  between. the 
grid  and  the  cathode  must  be  taken  into  account. 


6-3.  THE  STATIC  CHARACTERISTICS  OP  THE  TRIODE 

As  was  established,  the  plate  current  of  the  triode  is  a  func¬ 
tion  of  two  voltages;  the  plate  voltage  and  the  grid  voltage.  The 
dependence  of  the  currents  in  the  triode  on  the  voltages  in  the  plate 
and  the  grid  may  be  investigated  by  means  of  the  circuit  shown  in 
Pig.  6-7.  In  this  circuit,  the  power- supply  circuits  for  plate  and 
heater  are  analogous  to  those  used  in  investigating  the  diode.  The 
grid  circuit  Is  fed  from  a  power  supply  E  by  means  of  a  potentiometer 
and  a  knife  switch,  which  permits  the  polarity  of  the  voltage  on  the 
grid  to  be  changed.  In  order  to  simplify  the  schematic,  the  filament 
circuit  has  not  been  shown. 

There  are  two  different  basic  kinds  of  static  triode  char¬ 
acteristics:  plate  characteristics,  which  represent  the  dependence  of 
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Pig.  6-7.  Circuit  for  Investigation 
of  trlode. 

the  plate  current  of  the  trlode  on  the  plate  Voltage  when  the  grid 
voltage  Is  held  constant;  and  plate-grid  characteristics  which  repre¬ 
sent  the  dependence  of  the  plate  current  on  the  grid  voltage  when  the 
plate  voltage  Is  held  constant.  When  the  characteristics  are  being 
taken,  a  constant  filament  voltage  must  be  maintained. 

In  order  to  plot  the  plate  characteristics,  a  preset  constant 
grid  voltage  is  established.  After  this,  the  plate  voltage  Is  grad¬ 
ually  Increased  from  zero.  If  the  grid  Is  at  a  negative  potential, 
there  will  be  plate  current  only  when  the  equivalent  diode  voltage 
Vr  becomes  positive  -  i.e.,  when  the  plate  voltage  becomes  large  enough 
to  overcome  the  action  of  the  negative  grid.  Before  this  happens, 
while  the  equivalent  diode  voltage  Is  still  negative,  current  will 
not  pass  through  the  tube  since  the  tube  Is  cut  off.  According  to  the 
theory,  the  point  at  which  the  plate  characteristic  begins  corresponds 
to  the  plate  voltage  at  which  the  equivalent  diode  voltage  Is  equal 
to  zero: 

(6-13) 

I.e.,  the  magnitude  of  the  plate  current  corresponding  to  the  begin¬ 
ning  of  the  characteristic  Is  equal  to: 

(6-14) 

A  characteristic  I^  «  for  constant  grid  voltage  Is 

O  shown  In  Pig.  6-8. 

When  one  plate  characteristic  has  been  plotted  at  sons  con- 
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stant  value  U  ,  another  voltage  may  be  placed  on  the  grid  and  a  second 
plate  characteristic  may  be  plotted,  etc.  The  group  of  plate  char¬ 
acteristics  plotted  for  various  grid  voltages  Is  called  a  family  of 
plate  characteristics. 


Pig.  6-8.  Plate  characteristic  Pig.  6-9.  P§mlly  of  plate  character- 

of  a  trlode.  Istlcs  for  a  type  6NoS  trlode. 

Plgure  6-9  shows  a  family  of  plate  characteristics  for  a 
6n8s  [6p8]  trlode.  It  Is  evident  from  Eq.  (6-l4)  that  lowering  the 
grid  voltage  moves  the  beginning  of  the  characteristic  to  the  right 
and  raising  the  grid  voltage  moves  the  characteristic  to  the  left. 

The  plate  characteristic  corresponding  to  =  0  begins  at  the  origin. 
Characteristics  plotted  for  positive  grid  voltages  also  begin  at  the 
origin;  the  greater  the  magnitude  of  the  grid  voltage,  the  higher 
the  characteristics  go. 

Plate-grid  characteristics  are  plotted  at  constant  plate 

voltage . 

The  point  at  which  the  plate-grid  characteristic  begins  cor¬ 
responds  to  the  grid  voltage  at  which  the  action  of  the  plate  voltage 
fully  compensates  for  the  retarding  effect  of  the  negative  grid  on 
the  electrons.  At  this  point,  the  plate  current  Is  equal  to  zero;  and, 
consequently,  the  equivalent  diode  voltage  Is  also  equal  to  zero. 

The  magnitude  of  the  voltage  at  which  the  plate  current  of  the 
trlode  Is  equal  to  zero  Is  determined  from  the  equation 
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(6-15) 


;  U^+DU,=.(i. 

from  which 

(6-l6) 

Since  the  voltage  on  the  plate  Is  always  positive,  the  plate- 
grid  characteristics  of  the  trlode  always  begin  at  points  where 
the  grid  voltage  Is  negative. 


Pig.  6-10.  Plate-grid  character¬ 
istic  of  the  OU-89A  trlode.  l)  kv. 


Pig.  6-11.  Pamlly  of  plate- grid 
characteristics  of  the  6S5S  trlode. 


The  characteristic  =  f(U„)  is  shown  In  Pig.  6t10.  The 
rising  section  of  the  characteristic  In  the  region  of  negative  grid 
voltages  usually  approximates  a  straight  line.  When  one  passes  Into 
the  region  of  positive  grid  voltages,  the  growth  of  the  current  Is 
retarded  emd  the  characteristic  becomes  curved.  This  happens  sause. 
In  the  positive  region,  a  part  of  the  cathode  current  goes  to  the 
grid;  as  a  result  of  which,  the  plate  current  Increases  more  slowly 
with  a  growth  In  the  grid  voltage. 

Anode-plate  characteristics  may  be  plotted  at  various  values 
of  plate  voltage.  The  group  of  characteristics  plotted  at  several 
values  of  plate  voltage  makes  up  a  family  of  plate-grid  trlode  char¬ 
acteristics.  Plgure  6-11  shows  a  family  of  such  characteristics  for 
the  6S5S.  It  Is  evident  from  equation  (6-I6)  that  Increasing  the  plate 
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voltage  moves  the  plate-grid  characteristics  to  the  left. 

At  a  given  value  of  plate  voltage,  the  position  of  the  plate- 
grid  characteristic  is  determiined  by  the  penetrance  of  the  tube.  The 
larger  the  penetrance  of  the  tube,  the  further  to  the  left  the  char¬ 
acteristics  will  be.  This  is  explained  by  the  fact  that  the  larger 
the  penetrance,  the  less  the  Influence  of  the  plate  field  on  the 
cathode  is  weakened;  and,  consequently,  the  stronger  the  retarding 
effect  of  the  grid  must  be  to  cut  off  the  current  through  the  tube. 
The  value  of  the  grid  voltage  for  which  the  current  through  the 
tube  is  zero  is  called  the  grid  base  or  the  point  of  cutoff  of  the 
plate  voltage.  The  larger  the  absolute  value  of  the  grid  base,  the 
larger  is  the  penetrance  of  the  trlode. 

6-4.  THE  STATIC  PARAMETERS  OP  THE  TRIODE 

The  operating  conditions  of  a  three-electrode  tube  are  deter¬ 
mined  by  three  quantities;  the  plate  voltage,  the  grid  voltage,  and 
the  magnitude  of  the  plate  current.  The  connection  between  changes 
in  two  of  these  quantities  when  the  third  is  held  constant  is  deter¬ 
mined  by  the  static  parsuneters  of  the  triode. 

a)  The  mutual  conductance  (control-grid  -  plate  transconduc¬ 
tance)  .  Since  the  grid  is  the  control  electrode  of  the  triode,  it  is 
Important  to  know  the  extent  of  its  influence  on  the  plate  current . 
When  U-  is  constemt,  a  definite  value  of  plate  current  I'  corre- 

cl  & 

spends  to  a  given  value  of  grid  voltage  U'  (Fig.  6-12) .  Increasing 
the  voltage  on  the  grid  to  the  value  causes  an  Increase  in  the 
plate  current  to  the  value  I".  Hie  ratio  of  the  Increment  in  the. 
plate  current  to  the  Increment  in  the  grid  voltage 

that  causes  it  is  called  the  mutual  conductance  (control-grid  — 
plate  transconductance)  of  the  triode: 
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[Mal$\.  [ma/v].  (6-17) 

Expression  (6-I7)  is  the  definition  of  the  average  slope  In  the  Inter¬ 
val  of  grid  voltages  from  U*  to  U".  Consequently,  the  mutual  conduc- 

C  C 

tance  shows  how  much  the  plate  current  of  the  tflode  changes  when 
the  grid  voltage  Is  changed  by  1  volt;  in  other  words,  how  steepj-y 
the  plate-grid  characteristic  rises. 


Pig.  6-12.  Derivation  of 
trlode  transconductance. 


The  changes  in  the  grid  voltage  may  be  quite  small  in  prac¬ 
tice.  Therefore,  it  is  essential  to  determine  the  mutual  conductance 
for  sufficiently  small  changes  in  the  grid  voltage  —  i.e.,  as  AU_-»0. 
Then 


S  =s  lim 

H/c-O 


4/.  _rf/. 


(6-18) 


when  U„  =  const  —  i.e,,  the  mutual  conductance  is  the  derivative  of 
a 

the  plate  current  with  respect  to  the  grid  voltage.  Substituting  the 
value  of  obtained  from  (6-10)  and  differentiating,  we  obtain: 

s—|. 2,33.10-' +  (6-19) 

or 

Sc=3,5.IO-'^^t/I’.  (6- 19a) 

Consequently,  the  mutvial  conductance  is  porportlonal  to  the 
square  root  of  the  magnitude  of  the  equivalent  diode  voltage.  Since 


Eq.  (6-10)  Is  valid  only  when  the  grid  voltage  Is  negative,  expres¬ 
sion  (6- 19a)  for  the  mutual  conductance  Is  also  only  valid  In  the 
region  U  0.  When  the  grid  Is  positive,  the  mutual  conductance  de- 
creases  owing  to  the  appearance  of  a  grid  current.  In  order  to  deter¬ 
mine  the  mutual  conductance  when  the  grid  Is  positive,  the  multiplier 
k/(k  +  1)  must  be  Introduced  Into  Bq.  (6-19a),  where  k'lls  the  current 
distribution  factor.  Then  the  expression  for  the  mutual  conductance 


takes  the  following  form: 


5=4i3.5.I0-^£^-. 


(6-20) 


An  analysis  of  Bqs.  (6- 19a)  and  (6-20)  shows  that,  at  given 
plate  and  grid  voltages,  the  mutual  conductance  becomes  larger  If 
the  effective  surface  of  the  grid  Is  made  larger  or  the  grid-cathode 
spacing  is  made  smaller.  The  effective  surface  of  the  grid,  and, 
consequently,  the  mutual  conductance,  can  be  made  larger  by  Increasing 
the  length  of  the  grid,*  but  this  increases  the  length  of  the  whole 
tube  construction.  Increasing  the  length  of  tube  elements,  Including 
the  cathode,  leads  to  an  undesirable  Increase  in  the  amount  of  power 
required  for  the  filament;  furthermore,  the  mechanical  stability  re¬ 
quired  for  the  tube  construction  limits  the  amount  of  lengthening 
that  can  be  done.  A  better  method  of  Increasing  the  mutual  conductance 
of  the  trlode  Is  to  decrease  the  grid- cathode  spacing,  since  the 
mutual  conductance  Is  Inversely  proportional  to  the  square  of  this 
spacing.  In  modem  directly  heated  tr lodes,  the  minimum  value  of  this 
spacing  amounts  to  100  to  120  microns;  cmd  In  Indirectly  heated 
tubes,  to  60  to  70  microns.  In  certain  special  designs  of  Indirectly 
heated  trlodes,  this  spacing  only  amounts  to  13  to  20  microns. 

If  the  grid-cathode  spacing  Is  Increased  and  the  other  dlmen^ 


slons  of  the  grid  are  held  constant,  the  mutual  conductance  will  rise 
quickly  at  first,  but  then  it  will  start  to  decrease.  Hie  explanation 
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for  this  Is  that,  when  the  spacing  between  the  grid  and  the  cathode 
Is  very  small,  the  Influence  of  the  grid  does  not  extend  to  the  whole 
cathode.  Individual  sections  of  the  cathode  are  under  the  direct  In¬ 
fluence  of  the  field  of  the  plate  (Pig.  6-13).  The  value  of  the  cur¬ 
rent  from  these  sections  depends  little  on  the  grid  potential.  This 
phenomenon  Is  called  the  ’’island”  effect.  In  order  to  avoid  the 
"Island"  effect  when  the  grid-cathode  spacing  la  decreased,  the 
spacing  between  the  windings  of  the  grid  must  be  decreased;  this 
latter  spacing  Is  called  the  grid  pitch.  The  grid  pitch  should  be  made 
less  than  twice  the  grid-cathode  spacing. 


Pig.  6-13.  "Island"  effect  In  the  trlode.  a)  The  whole 
cathode  Is  under  the  Influence  of  the  grid;  b)  part  of 
the  cathode  (islands)  are  not  controlled  by  the  grid. 

1)  Plate;  2)  Gfrld;  3)  Cathode. 

b)  The  static  anqpllflcatlon  factor  of  the  trlode.  As  has  al¬ 
ready  been  pointed  out,  the  plate  current  of  a  trlode  can  change  when 
either  the  plate  voltage  or  the  grid  voltage  Is  changed.  A  change  In 
the  grid  voltage  has  a  greater  influence  on  the  value  of  the  plate 
current  th«ui  the  same  change  In  the  plate  voltage,  since  the  grid  Is 
nearer  to  the  cathode  and  screens  the  plate  from  the  cathode.  Conse^ 
quently,  the  same  change  In  the  plate  current  may  be  obtained  by  dif¬ 
ferent  variations  In  the  plate  and  grid  voltages.  If  the  voltage  on 
the  grid  Is  Increased  by  an  amount  AU  ,  the  plate  voltage  must  be  de- 

V 

creased  In  order  to  keep  the  same  plate  current .  It  Is  evident  that 
the  magnitude  of  the  change  in  the  plate  voltage  must  be  greater 
than  dUg.  nie  absolute  value  of  the  ratio  of  the  increment  In  plate 
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voltage  to  the  increment  In  grid  voltage  when  the  plate  current  Is 
held  constant  Is  called  the  amplification  factor  of  the  trlode: 

,»=j^piere/^=  const.  (6-21) 

The  amplification  factor  shows  by  what  factor  the  influence 
of  the  grid  voltage  on  the  plate  current  Is  greater  than  that  of  the 
plate  voltage. 

The  amplification  factor  Is  measured  when  the  plate  current 
Is  constant;  and,  consequently,  the  changes  In  the  plate  and  grid 
voltages  have  different  signs.  A  decrease  in  the  plate  voltage  corre¬ 
sponds  to  an  increase  in  the  grid  voltage,  and  vice  versa.  In  virtue 
of  this,  the  ratio  of  the  Increments  in  the  plate  and  grid  voltages 
at  constant  plate  current  Is  always  a  negative  quantity.  Therefore, 
the  amplification  factor  Is  usually  defined  as  the  absolute  value  of 
this  ratio. 

The  constancy  of  the  plate  current  in  the  measurement  of  the 
amplification  factor  corresponds  to  the  Invariance  of  the  equivalent 
diode  voltage  when  the  plate  and  grid  voltages  are  being  simultan¬ 
eously  changed. 

Let  us  take  two  static  plate-grid  characteristics  plotted 
at  plate  voltages  of  U*  and  U'  +  Au  (Plg.  6-l4) .  At  a  constant  plate 

cl  cl  cl 

current  I',  a  grid  voltage  U'  will  correspond  to  a  plate  voltage 

cl  C 

U^;  and  a  grid  voltage  U’  +  AU  will  correspond  to  a  plate  voltage 
ct  c  c 

U’  +  AU^.  since  the  plate  current  Is  constant,  the  equivalent  diode 

cl  cl 

voltages  for  both  combinations  of  plate  and  grid  voltages  are  equal 
to  each  other: 


£/;  4-  w/; = {u’ +&u^)+D  (t/; + ^u,).  ( 6-  22 ) 

Opening  the  parentheses  and  grouping  the  terms  with  D  on  the  right- 


hand  side  of  the  equation,  we  obtain: 


^DW,, 


(6-23) 
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from  which 


I  I 

[sTTpo*  (6-24) 

The  lefthand  side  of  Eq.  (6-24)  Is  the  anqpllf lost Ion  factor.  Conse¬ 
quently, 

(6-25) 


The  amplification  factor  is  a  quantity  that  Is  Inversely  proportional 
to  the  penetrance,  and,  consequently.  Is  dependent  only  on  the  geometry 
of  the  electrodes  of  the  tube.  Since 


we  have 


(6-26) 


and  the  problem  of  determining  the  dependence  of  the  amplification 
factor  on  the  geometry  of  the  electrodes  Is  reduced  to  the  calcula¬ 
tion  of  the  Interelectrode  capacitances  of  the  triode.  However,  It 
Is  difficult  to  calculate  these  capacitances  accurately  even  In  the 
simplest  tube  designs.  It  is  evident  that  the  amplification  factor 
will  be  greater,  the  smaller  the  grid  pitch  and  the  larger  the  dia¬ 
meter  of  the  wires  of  the  windings;  since,  when  these  two  things  are 
done,  the  grid-cathode  capacitance  Is  Increased,  and  the  shielding 
of  the  plate  from  the  cathode  Is  Increased,  which  decreases  the 
plate-cathode  capacitance.  Moving  the  plate  further  away  from  the 
grid  also  Increases  the  amplification  factor  because  the  plate-cathode 
capacitance  Is  lowered. 

c)  The  dynamic  plate  resistance  (Internal  resistance)  of  the 
triode .  The  connection  between  the  changes  In  the  plate  voltage  and 
the  plate  current  when  the  grid  voltage  Is  held  constant  Is  deter¬ 
mined  by  a  third  parameter  of  the  triode  —  the  dynamic  plate  resis¬ 
tance  (Internal  resistance).  Let  us  consider  the  static  plate  char- 


Pig.  6-l4.  Conqputlng  the  anqpli-  Pig.  6-15.  Computing  the  Internal 
flcatlon  factor  of  the  trlode.  resistance  of  the  trlode. 


acterlstlc  of  a  trlode  (Pig.  6-15).  A  plate  voltage  U*  corresponds 

cl 

to  a  plate  current  value  I*.  In  order  to  change  the  plate  current 

cl 

to  a  value  I”,  the  plate  voltage  must  be  made  equal  to  U”.  The  ratio 
of  the  changes  In  the  plate  voltage  to  the  change  in  the  plate  cur¬ 
rent  when  the  grid  voltage  Is  held  constant  Is  called  the  dynamic 
plate  resistance  of  the  trlode: 


„  At/. 

*•  *4  • 


(6-27) 


When,  as  Is  usual,  the  plate  current  Is  measured  In  mllllamperes  and 
the  plate  voltage  In  volts,  the  unit  of  dynamic  plate  resistance.  Is 
the  kllohm. 

Thus,  the  dynamic  plate  resistance  determines  by  how  many 
volts  the  magnitude  of  the  plate  voltage  must  be  changed  to  produce 
a  change  in  the  plate  current  of  1  ma,  when  the  grid  voltage  Is  held 
constant . 


Using  the  circuit  for  the  investigation  of  the  trlode,  all 
three  trlode  parameters  may  be  measured  by  the  following  method. 
Nominal  voltage  values  are  established  on  the  tube  electrodes,  and 
the  value  of  the  plate  current  is  measured  at  these  voltages.  Then 
the  voltage  on  the  grid  Is  changed  while  the  plate  voltage  Is  held 
constant,  and  the  value  of  the  plate  current  Is  measured.  For  the 


f 
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third  reading,  the  grid  voltage  is  held  at  a  constant  value  equal  to 
its  value  at  the  second  reading,  and  the  plate  voltage  is  varied  un¬ 
til  the  magnitude  of  the  plate  current  becomes  equal  to  its  value  at 
the  nominal  plate  and  grid  voltages  —  l.e.,  to  the  value  of  the  plate 
current  at  the  first  reading.  The  results  of  the  measurements  may  be 
collected  into  a  table: 


Am 

V, 

1 

1 

u: 

K 

2 

3 

w; 

v: 

l) . No *.-cof 'reading. 


By  the  results  of  the  first  and  second  readings,  which  corre¬ 
spond  to  the  change  in  the  plate  current  when  the  grid  voltage  is 
changed  and  the  plate  voltage  is  held  constant,  the  mutual  conduc¬ 
tance  of  the  trlode  may  be  determined: 


(6-28) 


The  dynamic  plate  resistance  may  be  determined  from  the  second  and 
third  readings,  since  these  readings  correspond  to  a  change  in  the 
plate  voltage  when  the  grid  voltage  is  held  constant: 


Rr 


u:-u\ 


(6-29) 


/'  — /"  ’ 

The  first  and  third  readings  make  it  possible  to  determine  the  ampli¬ 
fication  factor  of  the  trlode  -  l.e.,  the  ratio  of  the  magnitudes 
of  simultaneous  changes  In  the  plate  and  grid  voltages  when  the  plate 
current  is  held  at  a  constant  value  equal  to  the  nominal  value: 


Since  M,  -  1/d, 


(6-30) 


(6-31) 
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A  connection  can  be  established  between  the  basic  parameters 


from  the  ejqpresslons  that  have  been  obtained  for  them.  Let  us  multiply 
the  values  for  the  mutual  conductance,  the  dynamic  plate  resistance. 


and  the  penetrance  obtained  by  the  three- readings  method: 

(6-32) 

By  cancellation,  we  obtain  the  equation  that  connects  the  three 
basic  parameters  of  the  triode: 

DSR,=^l.  (6-33) 

Equation  (6-33)  Is  called  the  Internal  equation  of  the  triode. 
Substituting  the  quantity  l/p.  Into  the  equation  In  place  of  the 


penetrance,  we  obtain  another,  more  common  form  of  this  equation 


(6-34) 


The  Internal  equation  of  the  triode  Is  valid  for  any  operating 
conditions  of  the  triode. 

The  triode  parameters  can  also  be  determined  graphically 
from  a  family  of  static  characteristics.  For  this,  two  characteristics 
are  selected  that  have  been  plotted  at  voltages  close  to  the  nominal 
voltage.  In  determining  the  parameters  from  the  plate  static  char¬ 
acteristics  (Pig.  6-l6),  a  characteristic  triangle  ABC  Is  constructed 
so  that  points  A  and  B  correspond  to  the  nominal  value  of  the  plate 
current  I^.  The  legs  of  this  triangle  are  the  Increments  In  the 
plate  current  and  the  Increment  in  the  plate  voltage  The 

Increment  In  the  grid  voltage  Is  determined  as  the  difference  of  the 
values  of  the  grid  voltage  known  for  both  characteristics: 

Knowing  the  values  of  all  Increments,  the  parameters  of  the  triode 
nay  be  conq;>uted  by  formulas  (6-17),  (6-21),  and  (6-27). 

Analogously,  a  characteristic  triangle  may  be  constructed  on 
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Pig.  6-l6.  Determination  of  trlode  Pig.  6-17.  Determination  of  trlode 
parameters  from  plate  characterls-  parameters  from  plate-grid  char- 
tics.  acteristics. 


two  plate-grid  characteristics  of  the  trlode  (Pig.  6-17) .  In  this 
case,  the  legs  of  the  cheuract eristic  triangle  will  be  AU  and  Al  . 

The  magnitude  of  the  increment  In  the  plate  voltage  is  determined 
as  the  difference  In  the  voltages  known  for  each  characteristic.  The 
accuracy  of  the  parameter  determination  by  the  Indicated  methods  is 
dependent  on  the  magnitude  of  the  interval  of  the  voltages  between 
readings.  It  is  possible  to  use  the  method  that  is  used  for  the  diode 
in  determining  the  value  of  the  mutual  conductemce  at  a  given  point 
of  the  characteristic .  The  mutual  conductance  will  be  the  tangent  of 
the  angle  of  inclination  of  the  tangent  to  the  given  point  of  the 
plate-grid  characteristic,  con5)uted  according  to  the  scale  of  the 
characteristic.  Analogously,  the  dynamic  plate  resistance  will  be 
the  cotangent  of  the  angle  of  inclination  of  the  tangent  to  the 
plate  characteristic. 

The  methods  cited  for  determining  the  parameters  of  tubes 
may  be  applied  for  any  trlode  operating  conditions  that  will  permit 
the  selection  of  operating  conditions  according  to  the  existing 
static  characteristics. 
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6-5.  She  distribution  op  currents  in  the  triode 


Many  types  of  trlodea  operate  with  positive  potentials  on 
the  grid.  When  this  Is  done,  the  current  taken  from  the  cathode  Is 
distributed  between  the  plate  and  the  grid  of  the  tube. 

The  calculation  of  the  current  distribution  In  the  triode  Is 
based  on  the  theorem  of  the  Siuiilarlty  of  electric  fields .  The  essence 
of  this  theorem  Is  that.  If  In  any  system  of  charged  conductors  the 
potentials  of  all  conductors  are  changed  by  the  same  factor,  the  form 
of  the  electric  field  does  not  change;  the  field  formed  at  the 
changed  potential  values  will  be  "similar"  to  the  field  at  the  former 
conductor  potentials. 

When  applied  to  the  triode,  this  theorem  means  that  If  the 
potentials  of  the  grid  and  the  plate  are  simultaneously  changed  by 
the  same  factor,  the  paths  of  the  electrons  do  not  change,  since  the 
form  of  the  lines  of  force  of  the  electric  field  remains  the  same 
as  at  the  former  potentials.  It  follows  from  this  that  the  ratio  of 
the  magnitude  of  the  plate  current  to  the  grid  current  Is  not  depen¬ 
dent  on  the  absolute  values  of  the  plate  and  grid  voltages,  but  on 
their  ratio.  Consequently,  the  current  distribution  factor  k  =  I_/l„ 

Is  a  fxinctlon  of  the  ratio  U  /U„; 

a  c 


(6-35) 


The  natvire  of  the  distribution  of  currents  In  the  triode 
changes  according  to  the  magnitudes  of  the  voltages  on  the  plate  and 
grid.  If  electron  that  goes  beyond  the  grid  Into  the 

grid-plate  space  will  enter  an  accelerating  field  and  will  reach  the 
plate.  In  this  case,  the  grid  current  will  be  due  only  to  the  elec¬ 
trons  that  fall  directly  on  the  turns  of  the  grid.  These  electrons 
are  Intercepted,  as  It  were,  by  the  grid  on  their  way  to  the  plate; 
and,  therefore,  such  current-distribution  conditions  are  called 
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direct-interception  conditions.  Figure  6-l8  shows  a  representation 
of  this  type  of  current  distribution . 

If  the  plate  voltage  becomes  less  than  the  voltage  on  the 
grid,  the  electrons  that  land  on  the  grid  Include  not  only  directly 
Intercepted  electrons,  but  also  those  returned  from  the  space  charge 
retarded  in  the  grid  plate  space.  When  this  happens,  the  nature  of 
the  current  distribution  changes. 

The  mechanism  of  the  distribution  of  the  currents  between 
the  plate  and  grid  under  electron- return  conditions  is  determined 
by  the  retarding  field  in  the  grid-plate  space.  In  order  fully  to 
decelerate  the  electrons  that  pass  through  the  grid  toward  the  plate, 
the  magnitude  of  the  potential  difference  that  sets  up  the  retarding 
field  must  be  equal  to  or  greater  than  the  potential  difference  that 
the  electrons  have  passed  through  in  their  accelerated  motion  toward 
the  grid.  Let  us  suppose  that  the  velocity  of  the  electrons  that 
pass  through  the  grid  is  determined  by  the  grid  voltage  U..  Since  the 
plate  voltage  is  always  greater  than  zero,  the  potential  difference 
between  the  grid  and  the  plate  is  always  less  than  the  grid  voltage. 
Conseqiuently,  if  the  motion  of  an  electron  is  normal  to  the  surface 
of  the  plate,  it  will  not  lose  all  of  its  velocity  on  its  way  from 
the  grid  to  the  plate  and  will  land  on  the  plate.  But  if  the  v  jclty 
of  the  electron  is  directed  at  an  emgle  to  the  surface  of  the  plate, 
the  velocity  component  in  the  direction  of  the  intensity  of  the  re¬ 
tarding  field  can  be  small;  and,  at  some  distance  from  the  grid,  the 
electron  will  lose  all  of  its  velocity  conqponent  in  the  direction  of 
the  plate;  and,  under  the  Influence  of  the  electric  field,  will  re¬ 
turn  to  the  grid,  as  shown  in  Pig.  6-19, 

When  the  potential  of  the  points  of  the  intertum 

space  is  less  than  the  potential  of  the  grid  turns.  As  a  result,  an 
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Pig.  6-l8.  Current  distribution 
under  direct  Interception  con¬ 
ditions  (the  arrows  show  the 
paths  of  the  electrons) . 

1)  Plate;  2)  Cathode. 


Pig.  6-19.  Path  of  the  electrons 
In  a  trlode  under  electron- return 
conditions.  1)  Plate;  2}  Grid; 

3)  Cathode. 


electrlc-fleld  con5)onent  appears  that  Is  directed  if rom  the  turns  to 
t^^e  middle  of  the  Intertum  apace.  Consequently,  the  Interturn  spdce 
acts  like  a  diverging  lens  on  the  stream  of  electrons,  and  the  elec¬ 
trons  pass  through  the  grid  velocities  directed  at  an  angle  to  the 
surface  of  the  grid.  There  will  be  no  curvature  of  path  only  for 
the  electrons  that  pass  through  the  grid  at  the  exact  center  between 
the  turns.  The  nearer  the  path  of  an  electron  Is  to  a  turn,  the  more 
Its  path  will  be  curved,  and  the  less  will  be  its  velocity  component 
In  the  direction  of  the  plate. 

When  the  c\irrent  density  Is  large  enough,  the  retarded  elec¬ 
trons  form  a  space  charge  of  great  density  In  the  grid-plate  space;, 
the  presence  of  this  chai’ge  leads  to  the  appearance  of  a  potential 
minimum  In  this  space.  Part  of  the  electrons  from  the  space  charge 
that  accumulates  In  the  region  of  potential  minimum  are  taken  by  the 
plate,  and  the  rest  return  to  the  grid.  Such  a  retarded  space  charge 
Is  called  a  fictitious  or  virtual  cathode. 

When  the  plate  potential  Is  Increased,  the  number  of  elec¬ 
trons  that  return  to  the  grid  quickly  decreases,  since,  when  the  plate 
potential  Is  Increased,  the  Intensity  of  the  retarding  electric  field 
Is  decreased,  and,  therefore,  the  dispersion  of  the  electron  paths 
In  the  intertum  space  Is  also  decreased. 
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In  practice,  electron  return  ceases  to  occur  not  when  the 
plate  and  grid  voltages  are  equal,  but  when  the  plate  voltage  Is 
still  less  than  the  grid  voltage.  Direct  Interception  conditions  have 
already  begun  to  hold  when  U^^O.8  U^.  The  explanation  for  this  Is 
that,  when  the  plate  voltage  Is  only  a  little  less  than  the  grid 
voltage,  the  electrons  do  not  fully  lose  their  velocity  on  their  way 
from  the  grid  to  the  plate » 

An  Investigation  of  the  dependence  of  the  current-distribution 
factor  on  the  ratio  of  the  plate  voltage  to  the  grid  voltage  under 
direct  Interception  conditions  produces  the  following  expression: 


I 


(6-36) 


where  Is  a  quantity  dependent  on  the  geometry  of  the  tube  elec¬ 
trodes  . 


The  greater  the  grid  pitch  and  the  smaller  the  thickness  of 
the  wires  of  the  turns,  the  larger  this  quantity  will  be.  Further¬ 
more,  the  coefficient  Is  dependent  on  the  ratio:-  of  the  plate- 
cathode  spacing  to  the  grid-cathode  spacing.  For  a  plane  electrode 
system 


(6-37) 


where  t  Is  the  grid  pitch; 

d  Is  the  diameter  or  the  wires  of  the  grid  turns; 
r.  and  r  are  the  plate-cathode  and  grid-cathode  spaclngs  respectively. 

A  C 

The  ratio  d/t  Is  the  fill  factor  of  the  grid. 

When  the  electrode  system  Is  cylindrical,  the  factor  has 
the  following  value: 


(6-38) 


In  formula  (6-38),  the  quantities  r  and  r  denote  the  radii  of  the 

R  w 


plate  and  the  grid  respectively. 


Pig.  6-20.  Characteristics  of  the 
plate  and  grid  currents  In  the  re¬ 
gion  of  positive  grid  voltages. 

For  approximate  calculation  of  the  current  distribution  under 
electz*on- return  conditions,  one  may  use  the  e^qpresslon 


(6-39) 


Thus,  In  passing  Into  the  region  of  positive  grid- voltage 
values,  part  of  the  cathode  current  goes  to  the  grid,  as  a  result 
of  which  the  plate  current  grows  more  slowly.  Figure  6-20  shows 
typical  plate-current  and  grid-current  characteristics  plotted  at 
various  plate  voltages.  In  the  region  of  positive  grid  voltages,  the 
growth  In  the  plate  current,  which  determines  the  mutual  conductance, 
is  lowered  more  on  the  characteristics  which  correspond  to  lower 
plate  voltages,  since  the  part  of  the  current  that  goes  to  the  grid 
Is  greater.  Correspondingly,  the  grid-current  characteristics  go 
higher  when  the  plate  voltages  are  lower. 


6-6.  THE  INTERELECTRODE  CAPACITANCES  OF  THE  TRIODE 

When  considering  the  use  of  the  trlode  In  various  circuits. 

It  Is  essential  to  know  not  only  the  parameters  that  have  been  dis¬ 
cussed,  but  also  the  Interelectrode  capacitances,  especially  In  hlgh- 
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frequency  circuits  —  l.e.,  radio- frequency  circuits.  Since  the  capa¬ 
citive  susceptance  Is  proportional  to  the  frequency  of  the  applied 
voltage,  capacitive  currents  that  violate  the  operating  conditions 
of  the  tube  may  arise  when  the  tube  is  operated  at  high  frequencies. 

The  Interelectrode  capacitances  of  the  triode  are  dependent 
not  only  on  the  geometry  of  the  electrodes  themselves,  but  on  the 
capacitances  between  the  leads  and  the  supports  of  the  electrodes.  In 
conventional  triode  designs,  the  capacitances  between  the  leads  and 
the  supports  make  up  50  per  cent  of  the  Interelectrode  capacitances. 


Fig.  6-21.  Capacity  triangle  of  the 
triode.  1)  Plate;  2)  Cathode;  3)  Grid, 

The  Interconnection  of  the  Interelectrode  capacitances  may  be 
represented  schematically  by  means  of  a  capacity  triangle  (Fig.  6-21), 
the  vertices  of  which  are  the  tube  electrodes;  the  cathode,  the  grid, 
and  the  plate.  It  Is  Impossible  to  make  a  direct  measurement  of  each 
of  the  Interelectrode  capacitances  separately,  since  when  any  two 
electrodes  are  connected  to  a  measuring  bridge  to  measure  the  capa¬ 
citances  between  them,  the  measurement  will  be  distorted  by  the  fact 
that  this  capacitance  Is  shunted  since  It  has  two  other  series-  , 
connected  capacitances  In  parallel  with  It.  Thus,  for  example.  If 
the  plate  and  grid  are  connected  to  a  measuring  bridge  In  order  to 
measure  the  capacitance  C.  the  two  series-connected  capacitances 

A  •  V 

C.  ,,  and  C.  will  be  connected  In  parallel  with  the  sought  caps- 
cltance. 

In  order  to  determine  the  Interelectrode  capacitances,  a 
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1. 

C' 


method  Is  used  that  consists  in  the  consecutive  measurement  of  the 
capacitance  of  each  electrode  with  respect  to  the  two  other  capaci¬ 
tances  Interconnected.  When  this  Is  done,  the  sum  of  two  parallel- 
connected  capacitances  Is  measured  In  each  case.  When  the  plate  and 
grid  are  connected.  It  Is  possible  to  measure  the  capacitance  of  the 
cathode  with  respect  to  the  plate  and  the  grid: 


I  c  =c  +c  . 

} 

Analogously,  If  the  grid  and  cathode  are  connected,  we  obtain: 

C  =C  4-C 
•  •.«  •  •.« 

and.  If  the  plate  and  cathode  are  connected. 


(6-40) 

(6-41) 

(6-42) 


These  expressions  make  up  a  system  of  three  equations  In 
three  xinknowns,  the  sought  capacitances:  j^.  Solving 

these  equations,  we  obtain  for  the  Interelectrode  capacitances: 


„  +  Cg  Cj 

2 

^  Cj|  +  Cj  — Cg 


c,+c,-c. 


(6-43) 

(6-44) 

(6-45) 


The  grid-cathode  capacitance  Is '  called  the  Input  capa¬ 

citance  of  the  trlode;  the  plate-grid  capacitance  j^,  the  output 
capacitance;  and  the  plate-grid  capacitance  C.  the  transfer  capa- 

It  •  c 

cltance. 


6-7.  THE  DEPENDBfCE  OF  1HE  PARAMETERS  OF  IHE  TRIODE  ON  THE  QEOMETRY 
OF  THE  ELECTHODES 

The  determination  of  the  dependence  of  the  paraaeters  of  the 
trlode  on  the  geometry  of  the  electrodes  Is  connected  with  the  deter¬ 
mination  of  the  electric  fields  In  the  tube.  A  more  or  less  accurate 
theoretical  formulation  of  this  dependence  can  ba  worked  out  for  the 
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simplest  electrode  forms,  the  plane  and  cylindrical  forms.  HowfVfr, 
the  forms  of  the  electrodes  of  actual  tubes  are  more  complicated  due 
to  design  and  technological  considerations. 

The  calculation  of  the  parameters  of  actual  tubes  can  only  be 
approximate,  and  the  final  dimensions  of  the  electrodes  are  deter¬ 
mined  experimentally  on  experimental  models. 

a)  The- mutual  conductance.  Formulas  (6-19a)  and  (6-20) 
establish  a  connection  between  the  mutual  conductance  of  the  trlodes 
and  the  dimensions  of  the  electrodes  for  Ideal  plane  and  cylindrical 
tube  designs.  These  formulas  are  valid  on  condition  that  the  whole 
surface  of  the  cathode  Is  homogeneously  covered  by  the  grid  —  l.e.. 

If  the  distance  to  the  grid  from  any  point  on  the  surface  of  the 
cathode  Is  the  same.  These  formulas  also  do  not  take  into  account 
the  Influence  of  the  transverses  of  grids,  and  this  Influence  can  be 
quite  In^ortant  when  the  spacing  between  the  transverses  and  the 
cathode  Is  small.  In  complicated  trlode  systems,  the  distribution 
of  the  space  charge  strongly  Influences  the  value  of  the  mutual  con¬ 
ductance;  but  It  Is  not  always  possible  to  calculate  this  distribu¬ 
tion. 


VHien  the  tube  has  a  cylindrical  Indirectly-heated  cathode 
and  an  oval  grid  (Fig.  6-22),  the  mutual  conductance  should  be  cal¬ 
culated  according  to  the  usual  formula  for  a  cylindrical  system 
eifter  Introducing  a  coverage  factor  y  for  the  cathode  Into  it: 


S=3.5.|0-T4?t/r. 


(6-46) 


In  this  formula,  the  quantity  r„  Is  taken  equal  to  half  of  the  grid 

c 

span  (r„  =  a/2),  and  the  factor  y  varies  from  0,4  to  0.8  In  different 

V 


tube  designs. 


In  order  to  make  better  use  of  the  cathode  surface,  modern 
receiving  tubes  (including  low-power  anpllflers)  often  employ  plane 


Pig.  6-22.  Cylindrical- cathode 
—  oval-grid  system.  1)  Cathode; 
2)  Orld. 


cathodes  with  plane  grids  and  oval  cathodes  with  grids  whose  sur¬ 
faces  are  ovals  spaced  evenly  from  the  cathode  surface  (Plg.  6-23a 
and  b) ,  With  the  same  aim  In  mind,  use  is  often  made  of  crimped 
grids,  which  give  a  cathode  coverage  factor  of  close  to  unity  (Pig. 

6-230) . 

When  calculating  its  mutual  conductance,  the  system  shown  in 
Pig.  6-23b  should  be  considered  as  plane. 

Since  the  mutual  conductance  is  dependent  on  the  effective 

2 

surface  of  the  grid,  and  on  the  factor ,  any  necessary  Increase 

In  the  mutual  conductance  should  be  acconqjllshed,  assuming  minimum 

permissible  grid-cathode  spacing,  by  Increasing  the  length  of  the 

2 

cathode  or  decreasing  the  factor  /8  by  Increasing  the  radius  of  the 
cathode.  In  both  cases,  the  surface  of  the  cathode  is  Increased;  and 
consequently,  the  power  required  for  heating  Is  also  Increased. 
Therefore,  In  designing  receiving  tubes,  the  factor  that  determines 
the  cathode  surface  Is  often  not  the  value  of  the  cathode  current, 
but  the  value  of  mutual  conductance  required. 

b)  Ihe  amplification  factor  of  the  trlode.  Analysis  of  the 
electrostatic  field  In  the  trlode  shows  that  the  value  of  the  ampli¬ 
fication  factor  Is  a  function  of  the  Interelectrode  spaclngs  and  the 
fill  factor,  which  Is  defined  as  the  ratio  of  the  part  of  the  grid 
surface  that  Is  occupied  by  the  turns  to  the  whole  surface. 

nie  formulas  that  exist  for  calculating  the  anpllflcatlion 


Pig.  6-23.  System  with  Improved  use  of 
cathode  surface,  a)  Plane  system;  b) 
Oval  system;  c)  Crimped- grid  system. 


factor  give  sufficiently  accurate  results  only  for  Ideal  plane  and 
cylindrical  electrode  systems.  The  application  of  these  formulas  to 
actual  designs  produces  errors  that  are  eliminated  after  the  manu¬ 
facture  of  experimental  tube  models  by  a  conversion  of  the  ampli¬ 
fication  factor  actually  obtained  to  the  required  value. 

In  calculating  the  amplification  factor  of  trlodes  of  cylin¬ 


drical  construction. 


one  may  employ  the  formula 


(6-47) 


In  this  formula,  L  Is  the  so-called  active  wire  length  -  l.e.,  the 

V 

length  of  turns  of. wire  per  1  cm  of  grid  length.  The  function  f(oc) 


of  the  fill  factor  Is  shown  on  the  graph  In  Pig.  6-24. 


Pig.  6-24.  Graph  of  the  function  f  («c) . 

The  analogous  formula  for  a  plane  system  of  trlode  elec¬ 
trodes  has  the  form: 

▼TIS””  "  ^tslllndrloheskly  “  ^oyllndrloal*  ^ 
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(6-48) 


a  -  * 

Tw 

The  formulas  for  computing  the  active  wire  length  of  grids  and  the 
fill  factor  for  various  deslgpis  are  collected  In  Table  6-1. 

TABLE  6-1 
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—X 

—X 

2  X 

X 
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x(-4^) 

x(«-^) 

l)-GEld  design!  2) ..Cylindrical  system.;  3)^ Plane  system; 
4)  Helical  grid;  5)  Helical  grid  with  traverses; 

6)  Mesh  grid. 


The  symbols  employed  in  the  Table  for  the  grid  dimensions 
are  explained  In  Fig.  6-23;  N  Is  the  number  of  traverses. 


Fig.  6-23.  Symbols  for  grid 
dimensions,  a)  Mesh  grid;  b) 
Helical  grid  on  traverses. 

“y^loskly  “/Splane*^ 
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For  a  plane  trlode  system  with  a  directly  heated  loop-type 


filament,  good  results  are  given  by  the  proposed  formula  of  Kuzunoz 


(6-49) 


where  C  is  dependent  on  the  ratio  r  /r  . 

a  c 

A  graph  of  C  =  is  shown  in  Pig.  6-26  for  filaments 

in  the  form  of  one  or  two  loops;  and  Pig.  6-27  shows  a  graph  of  the 
function  f  (flt) . 


Pig.  6-27.  Graph  of  the  f;anc- 
tlon  f{ef)  . 


Wide  use  is  made  of  Ollendorf's  formula: 

(6-50) 

where  bg  is  the  smallest  grid-plate  spacing; 

T  and  A  are  functions  of  the  fill  factor  oc. 

This  formula  is  in  good  accord  with  experimental  results 
irtien  the  fill  factor  oC<0.4,  which  covers  the  majority  of  trlode 
designs.  Figure  6-28  depicts  gp^aphs  of  the  functions  T  and  A. 
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Chapter  Seven 
TRIODE  APPLIGATIONS 

7-1.  DYNAMIC  OPERATION  OP  A  TRIODE. 

In  the  previous  chapter,  we  considered  the  operation  of  a  trlode 
under  static  woriclng  conditions,  under  which  the  voltages  on  the  plate 
and  grid,  detemlnlng  the  operation  of  the  tube,  could  be  measured  In¬ 
dependently.  In  this  case,  trlode  operation  was  considered  without 
reference  to  the  external  circuit. 

In  practice.  In  any  circuit  In  t^lch  a  trlode  Is  used.  It  Is 
necessary  to  connect  Into  Its  plate  circuit  (sometimes  Into  the  cathode 
circuit)  a  resistance  —  the  load.  Depending  upon  the  circuit,  this  re¬ 
sistance  may  be  purely  resistive,  be  active,  or  coiq)08lte.  The  load  Is 
the  first  element  to  receive  electrical  fluctuations  occurring  In  the 
tube  as  a  result  of  the  action  of  the  varying  voltages  applied  to  the 
tube  grid. 


Pig.  7-1.  Diagram  of 
trlode  dynamic  operat¬ 
ing  regime. 

Die  slnqplest  case  Is  that  In  which  a  trlode  operates  In  a  circuit 

with  a  resistive  load  In  the  plate  circuit  (Plg.  7-1). 

Por  any  value  of  voltage  greater  than  the  cutoff  voltage,  a 

current  I.  will  flow  in  the  plate  circuit.  This  current  creates  a 
81 

voltage  drop  across  the  load  of 

(7-1) 
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According  to  Klrchhoff's  law^  with  a  doled  cliroult.  It  Is  possi¬ 
ble  to  write  an  expression  for  the  plate  clx*ettlt 

(7-2) 

l.e. ,  the  sum  of  the  voltage  drops  across  the  tube  and  the  load  will 
equal  the  plate  supply  voltage  S^.  Trou  this  It  follows  that 

\U,=.E,-IX‘  (7-3) 

If  the  voltage  on  the  triode  grid  changes,  the  change  In  plate 
current  thus  caused  will  In  turn  lead  to  a  change  In  the  voltage  drop 
across  the  load.  Since  the  plate  supply  voltage  E.  remains  constant, 

GL 

then  In  accordance  with  Eq.  (7~3)>  the  plate  voltage  U.  should  change. 

cl 

Cionsequently,  when  a  triode  Is  operating  with  a  load  connected  Into 
the  plate  circuit,  a  change  In  grid  voltage  will  cause  a  change  In 
plate  voltage.  This  operating  regime  of  a  triode  Is  called  the  dynamic 
(or  working)  regime. 

It  should  be  noted  that  a  change  In  grid  voltage  corresponds  to 
a  change  In  plate  voltage  In  the  opposite  direction.  For  exaiq>le,  where 
the  grid  voltage  rises,  the  plate  current  will  Increase  and,  consequent 
ly,  the  voltage  drop  across  the  load  will  increase.  With  the  Increase 
in  voltage  drop  across  the  load,  the  plate  voltage  drops,  as  Is  clear 
from  Eq.  (7-3)«  Conversely,  a  drop  In  grid  voltage  leads  to  a  rise  In 
plate  voltage. 

Clearly,  under  dynamic  operating  conditions,  a  change  In  grid 
voltage  leads  to  a  smaller  change  In  plate  current  than  occurs  under 
static  conditions,  since  It  Is  accompanied  by  a  change  In  plate  voltage 
that  opposes  the  change  In  plate  ourrent. 

7-2.  IVNAMIC  CHARACTERISTICS. 

The  connection  between  plate  current  and  plate  voltage  under 


dsmaalo  conditions  Is  defined  by  an  e3q;>resslon  derived  froa  Eq.  (7-3): 


(7-4) 


It  Is  clear  from  Eq.  (7-4)  that  the  plate  cuirrent  of  a  trlode,  under 
dynamic  conditions.  Is  proportional  to  the  plate  current  Itself.  IMs 
relationship  may  be  represented  graphically  by  a  straight  line.  Such 
a  straight  line  Is  called  a  dynsalc  plate  characteristic  curve  (or 
load  line). 

In  order' to  construct  a  dynsalc  plate  curve.  It  Is  necessary  to 
determine  the  position  of  two  points  on  this  line.  Setting  I^  equal  to 
zero  In  Eq.  (7*4),  we  obtain 


whence 


(7-5) 


(7-5a) 


IMS  point  on  the  curve  corresponds  to  a  cut-off  tube.  Since  In 
this  case  the  voltage  drop  across  the  load  Is  zero,  the  entire  plate - 
supply  voltage  appears  across  the  tube. 

A  second  point  on  the  ouz>ve  isay  be  obtained  by  setting  the  plate 
voltage  equal  to  zero  In  Eq.  (7-4): 


(7-6) 


Plotting  »  E^  along  the  voltage  axis,  and  I^  -  ^a^^a 
the  current  axis,  and  joining  these  points  by  a  straight  line,  we 
obtain  a  dynamic  plate  ciu*ve  that  Is  called  the  load  line  (Fig.  7-2). 

nie  slope  of  the  curve  Is  detenslned  by  the  value  of  the  plate  load. 
From  the  curve  plotted  In  Fig.  7-2,  It  Is  clear  that 


(7-7) 


,  »«• 


fi. 


By  changing  the  load  realatanoe^  it  Is  poaaible  to  obtain  plate  dynan- 
Ic  otirves  In  the  font  of  a  group  of  lines  radiating  from  a  single 
point  at  different  angles.  The  limiting  oases  are  0,  where  the 

curve  runs  parallel  to  the  current  axls^  and  R  -  oe  (open  plate  olr- 
cult),  i^ere  the  ouz>ve  coincides  with  the  voltage  axis. 

In  order  to  establish  a  connection  between  the  values  of  grid 
voltage  and  the  values  of  plate  current  and  plate  voltage,  we  plot  on 
a  single  graph  a  family  of  static  plate  characteristic  curves  and  a 
load  line  corresponding  to  the  given  load  resistance  and  plate - 
supply  voltage  E^.(Plg.  7-3)*  The  points  of  Intersection  of  the  static 
characteristic  curves  with  the  load  line  determine  the  voltage  on  the 
grid  for  each  value  of  plate  current.  Under  dynamic  operation  conditions, 
to  each  value  of  grid  voltage  there  oox>respond  uniquely  determined 
values  of  plate  current  and  plate  voltage.  Consequently,  In  a  dynasilo 
regime,  the  plate  current  and  plate  voltage  are  fnnotlons  of  the  grid 
voltage. 

The  dependence  of  plate  ouzu*ent  upon  grid  voltage  under  dynamic 
conditions  Is  graphically  Illustrated  by  the  dynamic  plate -grid 


Fig.  7-2.  Ugniamlo  plate  curve 
for  trlode  (load  line). 

(woxlclng)  characteristic  curve.  This  characteristic  (Pig.  7-4)  may  be 
plotted  on  the  basis  of  the  points  of  lntez*seotlon  of  the  load  line 
and  the  static  plate  oharaoterlstlc  curves,  if  we  oompare  the  working 
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oharaoterl0tlo  with  the  static  plate --grid  ourvea  plotted  on  the  sane 
g]*aph>  It  Is  clear  that  Its  slope  Is  less  than  the  slope  of  the  static 


oharaeterlstlos.  Die  reason  for  this  Is^that  t^e  inorease  In  plate 


Fig.  Y-S*  Connection 
between  static  plate 
curves  and  load  line. 


Fig.  7*4.  IJ^aiaio 
plate -grid  (working) 
curve. 

l)  Dynanlo  charaoterlstlo. 


current  accoiig>anylng  an  Increase  In  grid  voltage  under  dynanlo  con¬ 
ditions  la  less  than  under  static  conditions,  owing  to  the  slnultaneeus 
drop  In  plate  voltage. 

nie  Initial  point  of  the  dynamic  characteristic  coincides  with 
the  Initial  point  of  the  static  characteristic  taken  at  <=  since 
with  zero  current  In  the  plate  circuit,  the  voltage  drop  across  the 
load  also  will  be  zero  and  the  plate  voltage  will  equal 


7-3.  WORKINa-OHARAOTKRISTIC  SLOPE. 

In  utilizing  trlodes.  It  Is  essential  to  know  the  slope  of  the 
working  charaoterlstlo,  l.e. ,  the  quantity  determining  the  change  in 
plate  current  with  a  ohcmge  In  grid  voltage  under  dynamic  conditions. 
Let  us  determine  the  slope  of  the  characteristic  (the  transoonduotanoe) 
along  the  section  Included  between  two  static  characteristics  taken  at 
plate  voltages  U'  and  U"  (Fig.  7-5).  %e  slope  of  the  wozicing  oharao- 

Cl  .Cl 

teristio  on  this  section  is  defined  by  the  ratio 


c-/:_  4/. 


(7-8) 

r 


If  the  tube  operates  under  static  conditions,  a  ehangs  in  grid 


voltage  to  IT"^  would  cause  a  ohaiige  In  plate  ouz*rent  to  the  quantity 
Let  us  designate  the  plate -oui?rent  Inoreaent  under  static  oon- 
dltloxui  by 


In  aooordanoe  with  Bq.  (6-17 )  the  static  transoonduotanoe  Is 


Ihe  segsient  AB  (Plg.  7-5)  determines  the  difference  between  the  Incre¬ 
ments  of  current  under  static  and  dynasdo  conditions  for  precisely 
the  sasM  change  In  grid  voltage: 

'  (7-9) 

Ihe  magnitude  of  this  difference  determines  the  drop  In  plate 
voltage  from  U'  to  U''  owing  to  the  voltage  drop  across  the  load  as 

A  cl 

the  plate  current  rises  by  an  amount  Clearly^ 

(7-10) 

On  the  other  hand,  a  change  In  plate  voltage  with  a  change  In 


Fig.  7-3.  Derivation  of  the 
working-characteristic  slope. 


plate  current  may  be  found  knowing  the  plate  resistance  of  the  trloder 


(7-11) 
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Substituting  Into  this  esqpresslon  the  value  of  the  plate-voltage 
change  from  Eq.  (7-10)«  and  almpllfylng,  we  obtain  an  expresalon  for 
the  quantlty/i  I^t 

A/ 

■  (7-12) 

In  order  to  detezmlne  the  dynamic  (working)  transeenductance^  we 
lubatltute  (7'*12)  Into  (7*^}t 

■  (7-13) 

Since  -  S  (static  tranaconductance)^  we  have  finally 


(7-14) 


It  Is  clear  from  this  eq\iatlon  that  the  working  transconductance 
Is  the  lower  the  higher  the  load  resistance.  Ihls  Is  e:q;>lalned  by  the 
fact  that  a  smaller  change  In  plate  cxirrent  Is  needed  with  a  higher 
load  In  order  to  obtain  precisely  the  same  change  In  plate  voltage. 
Ihe  working  transconductance  Is  always  less  than  the  static  transcon¬ 
ductance  and  becomes  equal  to  It  where  the  load  resistance  Is  zero. 

It  should  be  Miphaslzed  that  the  quantity  characterizes  not  the 
trlode,  but  the  aq)llfler  stage  (see  Sec.  7-4). 


7-4.  OPERATION  OP  A  TRIODE  IN  AN  AMPLIFIER  CIROTJIT. 

The  Blaplest  amplifier  circuit  using  a  trlode  is  shown  In  Fig.  7-6 
The  alternating  voltage  is  applied  to  the  grid  ef  the  tube  (aapll- 


PLg.  7*^*  Slimiest  aigpllfler 
eljmlt  oalM  a  trlode. 
l)  Input;  2)  Output. 
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fier  li^ut)  through  the  Isolating  oapaoltor  At  the  saae  tlae,  a 
constant  voltage  Is  applied  to  the  grid  from  a  soxiroe  this  Is 
called  the  bias  voltage.  The  Isolating  oapaoltor  protects  the  source 
from  being  short  .circuited  across  the  device  supplying  alternating 
voltage  to  the  grld>  since  this  device  normally  Is  a  transformer  wind¬ 
ing  or  a  coll,  and  has  a  low  DO  resistance.  Tbe  load  resistance  Is 
connected  Into  the  plate  elrettlt  of  the  tube«  as  Is  the  plate-supply 
source  E-. 

At  any  Instant  of  tlme^  the  tube  plate  current  Is  detexvlnsd  by 


Fig.  7-7,  Derivation  of  dyimuHo 
amplification  factor. 

the  siuB  of  the  bias  voltage  and  the  Instantaneous  value  of  the  alter¬ 
nating  voltage  u..  In  this  case,  the  voltage  on  the  grid  fluctuates 
c 

about  the  bias  voltage  (Fig.  7-7)* 

Ihe  point  0  on  the  dynamic  plate -grid  cxirve^  coivespondlng  to  the 
bias  voltage.  Is  called  the  operating  point. 

If  the  bias  voltage  alone  Is  applied  to  the  grid,  a  constant 
current  I^q  will  flow  In  the  plate  circuit.  When  a  signal  voltage 
la  applied  to  the  grid  together  with  the  bias  voltage,  an  alternating 
plate -current  cosqponent  1  will  appear  In  the  plate  clz>cult.  nie 
plate -current  change  with  tlsM  In  the  presence  of  both  bias  voltage  and 
the  alternating  voltage,  called  the  signal  voltage,  on  the  ^rld  is 


*  [Cp  -  Cr  -  ®ras<i*iit«l  fnyy  “  ^Isolating*  ^ 
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shown  by  the  hatched  section  on  Fig.  7-7*  cxinwnt  in  the  plate 


oirotiit  May  be  represented  as  the  smm  of  the  DO  oeapenent  and  the 
AC  coaponent  i  . 

Bt 

Assuning  that  along  the  working  section  the  plate -grid  character¬ 
istic  is  linear,  we  find  the  ratio  of  the  aaplitude  of  the  AC  coaponent 
of  the  plate  current  1^^  to  the  signal -voltage  aaplitude  using 
the  triangle  OAB  in  Fig.  7-7t 

•  /m.  •  „ 

•  (7-15) 

The  AC  plate -current  component  sets  up  a  changing  voltage  drop  across 
the  load.  The  amplitude  of  the  alternating  voltage  across  the  load 
equals  the  product  of  the  aaplitude  of  the  AC  current  component  and 
the  load  resistance t 

U  —IQ 

mu  (7-16) 

Thus,  applying  a  signal  voltage  with  an  aaplitude  to  the 
input  of  the  circuit  —  the  grid  of  the  tube  —  we  obtain  at  the  output 
(across  the  load)  an  alternating  voltage  with  an  amplitude  If 


^aR 


^  ^ms'  circuit  will  operate  as  a  voltage  aiqplifier. 


The  ratio  of  the  altematingHroltage  amplitude  at  the  output  to 
the  aaplitude  of  the  signal  voltage  is  sailed  the  dynaido  gain  of  the 
^lifier  stage 


(T-ir) 


The  dynasdc  gain  shows  by  how  auoh  the  voltage  aaplitude  at  the  ampli¬ 
fier  output  is  larger  than  the  signal  aaplitude  at  the  irqrat. 

Substituting  for  the  quantity  in  Bq.  (7*^7)  its  value  fresi 
(7-16),  we  obtain: 


■  m 

N“T7 — • 


(7-18) 


•lno« 


th«n 


■  (7-19) 

This  exprcMlon  acj  b«  tMuiiforasd  by  mbstitutlnc  in  th*  vclu* 
of  from  (7-J.4)i 

*i+>^  (7-ao) 

■Inoo  SR^  ^ju,  th^n 

’‘‘“'“jrTir-  (7-2r) 

If  the  change  In  signal  voltage  lies  on  the  linear  section  of  the 
dynaalc  plate -grid  charactorlstlc  oxurve,  than  the  alternating  voltage 
at  the  output  will  be  slallar  to  the  signal  voltage^  l.e. ,  aiq;>llfloatlon 
will  be  obtained  without  distortion.  In  aany  trlode  applications^  It  Is 
extremely  Important  to  obtain  undlstorted  aapllfloatlon;  this  Is  true^ 
for  example.  In  audio  amplifier  clreults  In  radio  receiving  devices, 
amplification  In  measuring  Instmments,  etc.  Thus,  when  used  In  sueh 
olroiilts,  the  bias  voltage  on  the  trlode  grid  Is  set  so  that  the 
operating  point  lies  at  about  the  center  of  the  linear  section  of  the 
ciurve. 

In  the  circuit  described,  we  have  considered  the  amplification  of 
an  alternating  voltage.  In  many  oases.  It  Is  necessazy  to  obtain 
across  the  load  a  rather  hlgh-power  alternating  current.  Examples  of 
such  loads  are  radio -receiver  loudspeakers,  radio -transmitter  antennas, 
etc.  In  such  oases.  It  Is  possible,  by  applying  a  low-pswer  Input  sig¬ 
nal,  to  obtain  at  the  output  electrical  osoiUatiena  of  higher  power. 


In  this  case,  the  energy  of  the  DC  Bouroe  iB  converted  Into  AC  energy 
developed  aoroBB  the  load. 

In  the  majority  of  power  ,an5)llflerB^  olrcuits  are  utilized  In 
which  the  DC  coB^onent  does  not  appear  In  the  load.  ExaBq;>leB  of  Buch 
clrcultB  are  clrcultB  with  tranBfoxver  cotqpllng  and  aepllflers  with 
panCLlel  power  supply  (Pig.  7-8).  In  these  olrotiltSj  the  basic  power 
loBses  In  the  plate  circuity  determined  by  the  DC  oo^ponent^  equal  the 
power  dissipated  on  the  plate  of  the  tube. 


Pig.  7<<8.  Standard  power-eapllfler 
circuits. 

a)  With  parallel  power  siqpply; 

b)  transformer-coupled. 


In  the  circuits  dlBOussed,  the  magnitude  of  the  plate  voltage  In 
any  Instant  of  time  will  equal  the  difference  between  the  plate -supply- 
source  voltage  and  the  Instantaneous  value  of  the  alternating  voltage 
across  the  loadt 


(7-22) 


while  the  plate  current  will  be  the  sum  of  the  DC  opponent  and 
the  Instantaneous  value  of  the  AC  component  l^i 


(7-23) 


slnoe  from  (7-22) 
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(7-24) 


(for  a  tranBfonBer*^oupled  aiplifier,  will  ba  the  oquivalont  roBlBt 
«nt«  of  tho  load,  takon  froa  tho  relationship 


I  ♦ 


(7-25) 


Pig*  7-9*  Plot  of  load  line  for 
olroxilt  in  which  the  DC  ooaponent 
dooB  not  paBB  through  the  load, 
l)  Load  line;  2)  volts. 


where  Is  the  aotxial  load  resistance,  and  n  Is  the  tranafonwr 
turns  ratio). 

Bqtiatlon  (7-24)  is  the  eiuatlon  of  the  dynanlo  plate  charaoterls- 
tlo  of  the  tube  (load  line)  under  given  dynamic  conditions.  Hie  con¬ 
struction  of  this  characteristic  is  shown  In  Fig.  7-9*  %e  load  line 
should  pass  through  the  point  with  the  coordinates  and  E^.  Uhls 
point  corresponds  to  zero  Instantaneous  value  of  the  AC  ooiqponent  of 
the  plate  current,  and  lies  on  the  static  characteristic  taken  at  a 
grid  voltage  equal  to  the  bias  voltage  B^.  A  second  point  may  be  found 
on  the  line  by  setting  the  plate  current  In  (7-24)  equal  to  sero. 


*  ^  “  ^Viagruska  *’  **load*  ^ 


lAwr*  -  0^  the  plftte  voltage  will  equal: 


(7-26) 


Plotting  the  plate -voltage  value  obtained  on  the  axia  of  abaoiesaB, 
we  obtain  a  aeoond  point  on  the  curve.  Ihe  alope  of  the  oharaoterlatio 
ourve  CH  aay  be  found  from  the  relationahip 
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Tig.  7-10.  Plot  of  wozHklng 
oharaoterlatio. 

1)  Volta. 


(7-27) 


The  dynando  plate •«rld  (working)  oharaoterlatio  ourve  aay  be 
plotted  as  in  the  case  of  a  eerie e -connected  reaiative  load  in  the 
plate  oirotiit  of  the  tube  (Fig.  7-10).  Ihe  initial  point  of  the  work¬ 
ing  oharacteriatlo  ooinoidea  with  the  initial  point  of  the  static  plate 
grid  oharaoterlatio,  taken  at  =  2^^  +  ^ao\*  point  of  Interaeo- 
tlon  of  the  dynaaic  oharaoterlatio  ourve  with  the  atatio  o\u*ve,  taken 
at  oorreeponda  to  a  plate  current  of  and  a  grid  voltage 

equal  to  and  ia  the  operating  point  for  the  oase  under  eenaidera- 
tion. 


The  dynaaio  tranaoonduotanoe  aay  be  found  froa  the  foraula  already 


presented 


_  c  _  0^1 

It  Is  oleu»  froat  a  oonaldaratlon  of  the  dynaaio  charaoterlaticB 
for  trlodes  in  aaplifler  olrouita,  that  for  exaotly  the  aaae  value  of 
plate-supply  voltage  the  range  6f  grid-voltage  fluctuations  (maxi- 
mun  signal -voltage  aapiltude)  turns  out  to  be  larger  where  the  DC  plate- 
current  component  does  not  create  a  voltage  drop  across  a  load. 

For  voltage  and  power  aapllflcatlon  at  high  frequencies^  over  a 
narrow  frequency  band,  so-called  ttmed  amplifiers  are  used,  which  have 
In  their  plate  circuit,  as  a  load,  a  tuned  olrctilt  whose  natural  reso¬ 
nant  frequency  equals  the  signal  frequency.  At  resonance,  the  circuit 
presents  a  pure  resistance  to  the  alternating  component  of  the  plate 
current;  this  Is  called  the  resonance  Isqpedance,  and  equals: 


Ir 

'  *  (7-28) 

where  angular  velocity  of  the  natural  circuit  oscilla¬ 

tions. 

nie  resistance  of  a  circuit  to  the  DC  ccniponent  of  the  plate 
current  may  be  neglected.  Ihe  energy  supplied  to  the  tuned  circuit  from 
the  plate  circuit  of  the  tube  supports  undamped  oscillations  In  the 
clrcidt.  The  equation  of  the  plate  current  and  the  load  line  for  such 
an  amplifier  aro  construotod  In  analogy  to  the  power  aapUflors  dos- 
orlbodt 


(7-29) 


o 


■■  ^ros  “  ^rosonansnyy  "  ^rosonanoo*  ^ 
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In  an  aiiqpllfler  olrotzitj^  only  a  portion  or  the  power  Bxqpplled  by 
the  aouroe  la  developed  aa  RF  power  aoroaa  the  load^  and  the  remaining 
power  la  dlaalpated  without  performing  uaeful  work.  For  a  power-aaqpll*- 
floatlon  elrotilt,  an  laqportant  quantity  la  the  plate>olr>oult  efflolenoy, 
defined  aa  the  ratio  of  the  uaefUl  RF  power  aormia  the  load  to  the 
power  atqpplled  by  the  aource. 

In  the  amplifier  elreult  oonaldered^  the  magnitude  of  the  RF  power 
equalat 


2 


;« 


The  power  delivered  by  the  plate>^nxpply  aouroe  lat 


(7-30) 


(7^) 

Fxtm  thla*^  the  plate-olrsult  efflolenoy  of  the  amplifier  la 


(7-32) 


Under  the  oondltlona  obtadnlng  where  the  ourrent  through  the 
tube  and  the  load  flowa  for  the  entire  oyole  of  alternating  algnal 
voltage,  the  amplitude  of  the  alternating  ooiponent  of  the  o^lrrent 
oannot  be  greater  than  the  SC  ooqpenent  I^q,  ar;d  the  amplitude  of  the 
alternating  voltage  aoroaa  the  load  oannot  exoeed  0onaeq:uently, 
the  efflolenoy  of  an  aavllfler  operating  under  auoh  oondltlona  emimot 
be  greater  than  0. 5.  In  praotloe.  It  rangea  from  0. 3*^*  35* 

For  a  given  Input  Hilgnal  am»lltude,  the  value  of  the  RF  power  la 
determined  from  the  equality 


(7-33) 


*  “  ^kelehatel  'nyy  "  ^RF*  ^ 
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*1 


obtaln«d  froB  (7-30 ).  DLffsMntlfttingj  and  aattlng  tha  derivative 
•qual  to  zero.  It  Is  possible  to  obtain  a  relationship  between  and 
In  whloh  the  saxlBUB  power  is  developed  aoross  the  load.  Qhe  aaxi- 
flOB  XF  power  for  a  cbven  Is  obtained  wbera  \  equals  t 

(7-34) 

!Bie  power  found  fresi  e3q>ression  (7-34)  Is  not  the  bsxIbub  R7  power 
whloh  Bay  be  obtained  at  the  output  of  an  aapllfler  where  the  values  of 
load  reslstanoe  and  signal -voltage  aaplltude  are  slaultaneously  set, 
and  where  distortion  Is  Blnlaal.  Analysis  of  pmerHUspllfler  oiroults 
has  shown  that  the  bsxIbiib  RF  power  with  BlnlanB  distortion  aay  be 
obtained  where  «  2R^. 

FroB  the  point  of  view  of  obtaining  maTlBiun  efflolenoy.  It  Is 
desirable  to  Increase  the  size  of  the  load  resistance;  this  leadsi 
however,  to  a  sharp  drop  In  the  useful  RF  power. 

An  Increase  In  efficiency  without  a  drop  In  RF  power  Bay  be  ob¬ 
tained  by  Increasing  the  ratio  of  the  aaplltude  of  the  alternating- 
plate*4urrent  ooaponent  to  that  of  the  DC  oonponent.  In  aspllflezs  In 
whloh  the  presence  of  distortion  In  the  aapllfled  signal  Is  of  no  great 
Importance,  and  In  tuned  aapllflers,  where  the  tuned  olroxdt  develops 
the  required  haraonlo  oosponent  of  the  alternating  voltage,  an  Increase 
In  the  quantity  Y  =  Is  achieved  by  changing  the  operating  con¬ 

ditions  of  the  tube.  The  bias  voltage  aay  be  so  chosen  that  the  plate 
current  flows  through  the  tube  only  during  a  portion  of  the  altenwtlng 
signal -Toltage  cycle.  Such  an  operating  reglae  of  the  tube  Is  called 
operation  with  plate-current  cut-off.  Depending  upon  the  position  of 
the  operating  point  and  the  aagnltude  of  the  a^pllfled-slgnal  amplitude 
In  oopparlson  with  the  plate-current  vitt-wCP  voltage,  three  jUMilf  j|£  -f 
tTr**  *  ^  *»mtlon  are  dlstinpdLshed. 
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If  the  blms  voltuge  is  so  ohoeen  that  the  current  flows  through 
the  tube  during  the  entire  cycle  of  alternating  signal  voltage «  this 
asqpllfloatlon  regime  Is  called  class  A  operation  (fig.  T-lla).  QSils 
type  of  opezmtlon  Is  most  frequently  found  In  circuits  for  receiving- 
equipment  aaq^lflers>  where  tubes  normally  operate  with  no  exourslcn 
into  the  positive  grid-voltage  region  and>  consequently^  T^th  no  grid 


RLg.  7-11*  araphs  of  trlo<le 
operation  In  various  classes  of 
amplification. 

1)  Max;  2)  min. 

current. 

Where  a  tube  Is  operated  with  a  bias  voltage  equal  to  the  plate - 
current  cut-off  voltage  (Fig.  7-llb)>  this  mode  of  operation  is  called 


Fig.  7*U,2.  drouit  for  amplifier 
with  seif -bias. 


o 


olasB  B  operation.  VIhen  a  tube  operates  In  this  regime^  the  current 
through  It  flows  only  during  half  of  the  signal -voltage  oyole.  During 
the  negative  half -oyole,  the  tube  Is  out  off. 

An  Intermediate  situation  Is  represented  by  class  AB  operation 
(Jig.  7-llc),  where  the  tube  Is  cut  off  by  the  alternating  signal  volt¬ 
age  for  a  period  of  time  that  Is  less  than  half  of  a  cycle.  In  this 
case,  a  portion  of  the  AC  plate -current  o(mq>onent  Is  "cut  off.  "  Bie 
duatlon  of  the  plate -current  pulse  Is  characterized  by  the  cut-off 
angle  0 .  Clearly,  In  class  B  operation,  6  »  90°,  wMle  In  class  AB 
operation,  I80  >  6  >  90®.  In  certain  circuits,  there  Is  an  excursion 
Into  the  region  of  positive  control-grid  voltages.  In  thl.s  case,  grid 
current  flows;  where  this  current  Is  considerable,  noticeable  distor¬ 
tion  In  the  shape  of  the  amplified  signal  appears.  This  type  of  opera¬ 
tion  Is  Indicated  by  attaching  a  subscript  2  to  the  letter  designating 
the  class  of  operation.  For  exasQJle,  If  the  bias  voltage  equals  the 
plate-current  cut-off  voltage,  irtille  the  signal  amplitude  Is  greater, 
this  type  of  operation  Is  called  class  Bg  operation. 

If  the  operating  point  of  the  tube  lies  to  the  left  of  the  Initial 
point  of  the  dynamic  characteristic  curve,  this  Is  called  class  C  opera 
tlon  (Pig.  7-lld)*  When  a  tube  Is  operated  In  this  class,  the  length 
of  the  plate-current  pulse  turns  out  to  be  less  than  one-half  oyole, 
l.e. ,  3  <.  90®.  In  asqpllflers  of  radio -receiving  equipment,  with  the 
exception  of  telegraph  equipment,  this  tyi>e  of  operation,  as  a  rule. 

Is  not  used. 

In  order  to  establish  the  required  tube  operating  conditions,  the 
appropzd.ate  bias  voltage  should  be  applied  to  the  grid,  nils  voltage  Is 
supplied  either  from  a  special  DC  source,  which  Is  normal  for  equipment 
operating  with  batteries  or  storage  batteries,  or  else  so-called  self¬ 
biasing  Is  used  In  which  the  bias  voltage  appahrs  across  a  resistor  In 
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the  cathode  cl3?cult  (KLg.  7-12).  The  resistor  In  the  cathode 
circuit  Is  shunted  by  a  large  enough  capacitor  C^j^***  component 

of  the  plate  current  flows  through  resistor  R„,  and  the  AC  component 
Is  shunted  by  the  capacitor.  The  DC  component  of  the  cathode  current, 
flowing  through  the  resistor  In  the  cathode  circuit,  creates  a  voltage 
drop  across  It.  Since  this  resistor  Is  also  connected  In  series  with 
the  grid  circuit,  a  voltage  will  be  applied  to  the  grid  equal  to  the 
voltage  drop  across  the  resistance.  The  size  of  the  resistor  In  the 
cathode  circuit  Is  nonoally  considerably  less  than  the  load  resistance 
and,  consequently.  It  has  little  effect  upon  the  dynamic  characteristic 
curve  of  the  tube.  Clearly,  this  method  of  supplying  bias  voltage  may 
be  utilized  where  there  Is  a  large  enough  DC  cosponent  of  the  cathode 
ouz*rent.  An  advantage  of  self -biasing  Is  the  fact  that  there  Is  some 
cospensatlon  for  variations  In  tube  parameters  when  tubes  are  changed, 
owing  to  the  fact  that  the  operating  point  Is  shifted  to  the  right  when 
the  cathode  cuarrent  decreases,  and  to  the  left  when  it  rises. 

7-5.  OPERATION  OP  A  TRIODE  IN  AN  OSCILLATOR  CIRCUIT. 

In  tuned  amplifiers,  the  DC  energy  furnished  by  the  plate -supply 
source  Is  converted  Into  AC  energy  at  a  given  frequency  determined  by 
the  parametezm  of  the  tank  circuit  connected  Into  the  plate  olrozilt. 
Consequently,  such  a  circuit  may  serve  as  a  generator  of  alternating 
current.  A  clro\ilt  similar  to  a  resonant -amplifier  circuit  needs  a 
source  of  alteimatlng  grid  voltage  In  order  to  operate;  this  voltage 
must  be  at  a  frequency  equal  to  the  natural  frequency  of  the  tuned 
olroTilt.  Suoh  an  oscillator  Is  called  an  Independently  excited  os¬ 
cillator.  A  self-exolted  oscillator  may  serve  as  the  source  of  alter- 

*  ^®cm  “  **am  “  ^Beshoheniye  “  \las*  ^ 

**  [0^ 

“  ^Bh  "  ^shuntiruyttshehiy  **  ^shunt*  ^ 
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natlng  voltage  (Plg.  7-13)*  In  a  self  •excited  osolllator>  the  alter¬ 
nating  voltage  on  the  grid  is  supplied  from  the  tank  olroxdt  itself^ 
as  a  reault  of  coupling  between  the  grid  olroult  and  the  tank  circuit. 
Ihe  coupling  isay  be  Inductive^  capacitive^  or  of  the  tappod-ooil  vazd-ety 


W-g.  7-13*  Oscillator  clrctilto, 
self  excited. 

a)  Inductive  coupling;  b)  capaci¬ 
tive  coupling;  c;  taroed-ooH 
coupling  (ntrtloy  oseillator). 

(Hartley  circuit). 

For  such  an  oscillator  to  operate,  the  voltage  applied  to  the 
grid  should  be  opposite  In  phase  to  the  plate  voltage.  Ibie  plate 
supply  source  nay  be  connected  either  In  parallel  with  the  tank  circuit 
or  In  series  with  it.  Just  as  In  the  case  of  anpllflers,  the  source  of 
fixed  bias  In  the  grid  cli^ouit  nay  be  replaced  by  a  self>41aslng  link. 

In  order  to  obtain  naxiaum  efficiency  In  oscillators  and  power 
asqpllfiers  for  radio  frequencies,  class  C  operation  is  nomally  used, 

1.  e. ,  the  tubes  are  operated  with  a  grid  bias  whose  absolute  value  ex¬ 
ceeds  the  plate -current  cut-off  voltage.  In  this  case,  the  current 
through  the  tube  flows  for  a  portion  of  the  cycle  that  Is  less  than  a 
half  cycle,  corresponding  to  the  positive  half  cycle  of  alternating 
grid  voltage.  Since  the  AC  conponent  of  the  plate  voltage  is  opposite 
in  phase  to  the  altezmating  grid  voltage,  consequently,  the  plate 
current  flows  at  Binliaua  values  of  plate  voltage,  which  decreases  the 
power  dissipated  by  the  tube  plate,  and  increases  the  plate  efficiency 
of  the  oseillator  (power  aapllfier).  In  other  words,  the  ratio  of  the 


AC-eonponent  aaiplltude  for  the  plate  ourrent  to  the  value  of  the  DC 
ocaponent  entering  into  th»  expreaalon  (7-32)  for  the  efflolenoyt 


I 


PLg.  7-14.  Dgmaalo  plate  oharao- 
terlatio  ourve  of  oaoillater  tube 
operating  In  olaaa  C  (oroaa-hatehed 
aectlon  repreaenta  a  portion  of  the 
oyole  of  alternating  voltage  In  the 
tuned  oireult  during  whloh  ourrent 
floira  through  the  tube). 


Inoreaaee  In  olaaa  C  operation  In  ooaiparlaen  with  the  value  for  tubea 
operating  without  plate -ourrent  out -off. 

In  addition,  in  order  to  Inoreaae  the  efflolenoy  of  the  plate 
olroult  of  an  oaolllator.  It  la  neoeaaary  to  try  to  Inoreaae  the  plate- 
voltage  utilization  faotor  (  =  ^nk/^a"  ^  power  In  the  tuned  olr¬ 

oult  and  the  plate-aupply  voltage,  added  together,  detezailne  the  nagnl- 
tude  of  the  plate  voltage.  Slnoe  the  alternating  control -grid  voltage 
of  the  tube  and  the  voltage  In  the  tank  oireult  are  oppoalte  In  phase, 
at  aaxlanai  grid  potential,  the  plate  voltage  will  be  at  a  alnlauai, 
eq^tal  to  the  dlfferenoe  between  the  plate -supply  voltage  and  the  ampli¬ 
tude  of  the  voltage  aoroas  the  tank  olroult  i  +- 


(7-35) 
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AB  iB  Bhovn  In  91g.  oloBar  th*  plBtB~volt«gB  utillsAtlon 

faetor  comes  to  unlty^  th*  lover  the  value  of  T7^ 

In  order  to  obtain  aBxIvua  oBolUator  plate -olroult  efflolenoy, 
the  adnlanm  plate  voltage  should  be  redueed  to  the  least  pemlsBlble 
value.  Qie  utilization  of  the  vavljnni  possible  range  of  variation  of 
plate  veltage  eemeapends  to  an  exeurslon  into  the  region  of  positive 


Vig.  T'-l^*  Plate  oharaoterlstlo 
ouz*ves  for  GFU-lOA  transmitting 
triode. 

1)  Oritioal -operation  line; 

2)  volts;  3)  lev* 

grid  potential.  Ihls  aeans  that  the  tube  operates  with  oonslderable 
o\uu*entB  In  the  oontrol-grld  oixoults#  vhleh  is  a  very  Important  fea¬ 
ture  of  transBilttlng  tubes. 

Consequently^  the  basic  section  of  a  dynaadLo  plate-grid  oharae- 
terlstlo  curve  for  transaltter  tubes  should  He  In  the  region  of 
positive  grid  voltages,  and  ■axlaua  Interest  Is  presented  by  static 
oharaoterlstlos  oorrespondlng  to  this  aode  of  tube  operation.  Ohe 
static  plate  characteristics  of  trlodes,  taken  at  positive  values  of 
grid  voltage,  have  two  sections t  a  section  with  a  rapid  rise  In  plate 
current  as  plate  voltage  Increases,  and  a  flat  section.  The  nattire  of 
the  change  In  plate  current  Is  deteralned  by  the  current  distribution 
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In  the  tube:  the  eteep  seotlon  of  the  ohareoterletlo  oorx*eiponda  to 
eleotron-retum  opera tlon^  and  the  flat  aeotion  to  direct -Interoept Ion 
operation.  At  high  positive  grid  potentials^  In  dlreotlon-lntereeptlon 
operation,  changes  In  plate  voltage  have  relatively  little  effect  upon 
the  magnitude  of  the  plate  current,  since  the  relative  change  In  the 
effective  potential  Is  slight.  Tsrpleal  plate  curves  for  a  transmitting 
trlode  are  given  In  Pig.  7-15* 

Figure  7-*16  shows  saaqple  curves  for  a  transmit  ting -tube  operating 
regime.  As  Is  clear  from  the  graphs,  for  a  portion  of  the  oyole>  plate - 
cxirirent  pulses  flow  through  the  tube;  they  may  be  decomposed  Into  a 
series,  representing  the  sum  of  the  DC  coaqponent  and  a  series  of 
sinusoidal  haimnnlcs.  Clearly,  the  RF  power  developed  In  the  tank 
olroult  will  depend  upon  the  anplltude  of  the  hazmionlc  component  to 
which  the  tank  circuit  Is  tuned.  If  the  tank  circuit  Is  tuned  to  the 
frequency  of  the  excitation  voltage,  there  will  be  power  anqollfloatlon 
at  this  frequency,  and  the  magnitude  of  the  RP  power  Is  determined  by 
the  aaqplltude  of  the  first  harmonic.  If  the  resonant  frequency  of  the 
tank  clircult  Is  twice  or  three  times  the  excitation-voltage  frequency, 
the  RF  power  In  the  tank  clrctilt  will  be  developed  In  accordance  with 
the  second  or  third  harmonic  of  the  plate  current.  In  this  case,  os¬ 
cillations  at  double  or  triple  the  frequency  will  be  generated,  and 
such  circuits  are  called  frequency  multipliers. 

When  a  transmitting  tube  Is  operated  with  grid  ciu>rent8,  con¬ 
siderable  power  will  be  developed  at  the  control  grid,  at  the  expense 
of  the  source  of  excitation  voltage.  In  order  to  decrease  this  power 
oonsuaptlon.  It  Is  desirable  that  the  required  plate -current  amplitude 
be  reached  at  a  lower  excitation-voltage  anplltude,  which  corresponds 
to  high  dynamic  transconduotanoe  and,  consequently,  high  static  trans- 
oonduotanoe  for  the  tube.  ISiua,  high  transoonduetance  Is  a  most  Im- 


portant  quality  of  tranaalttlng  tubea. 

A  saoond  factor  affecting  the  power  developed  at  gride  ie  the 
current  distribution  in  the  tube.  Hie  higher  the  current -distribution 
factor  for  a  tube^  the  lower  the  grid  current  correeponding  to  a  given 
plate -ourront  amplitude >  and  the  lees  power  developed  at  the  grid. 


iutt 


Fig.  7*-16.  Sample  graphs  of 

transmitting  tube  operating  con¬ 
ditions. 

1)  Static  oharacteristic;  2)  Dy¬ 
namic  charaoteristio. 

Ilhder  dynamic  conditions,  for  a  small  portion  of  a  cycle  of  the  alter¬ 
nating  voltage,  the  relationship  between  the  plate  voltage  and  the  grid 
potential  may  be  such  that  the  tube  will  operate  under  electron-return 
conditions,  nils  mode  of  operation  corresponds  to  a  sharp  rise  in  triode 
grid  current  with  a  simultaneous  drop  in  plate  current.  In  this  case, 
there  is  a  considerable  increase  in  grid-circuit  power  losses.  Oils 
type  of  operation  of  a  transmitting  tube  is  called  the  overvoltage 
mode.  Q^mmsmitting  tubes  are  operated  under  overvoltage  oondltlons  in 
oases  where  it  is  especially  important  to  obtain  high  plate  efficiency 
by  Increasing  the  plate -voltage  utilisation  factor  which  decreases  the  - 
heat  load  on  the  plate.  If  the  plate  voltage  over  an  entire  cycle  re¬ 
mains  larger  than  the  voltage  corresponding  to  the  transition  to  eleo- 
tron-retum  current  distribution,  the  operating  mode  of  the  tube  Is 


oallftd  the  undervoltage  aode.  Ihe  interaedlate  value  of  adnlBium  plate 
voltage  oorreaponda  to  the  oritloal  operating  mode  for  the  tube. 

In  order  for  a  tube  to  operate  In  an  oaclllator  circuit  with  no 
excuraiona  into  the  electron-return  region,  the  working  section  of 
the  dynamic  plate  characteristic  curve  for  the  tube  should  not  Inter¬ 
sect  the  rising  sections  of  the  static  plate  characteristic  curves. 
Thus,  as  a  rule,  for  the  family  of  static  plate  characteristics,  we 
construct  a  graph  of  the  critical  operating  mode,  which  for  trlodes 
takes  the  form  of  a  curve  showing  the  plate  current  as  a  function  of 
plate  voltage  where  the  grid  potential  Is  equal  to  the  plate  voltage, 
as  shown  In  Pig.  7-15*  The  steeper  the  critical -mode  line,  the  higher 
the  plate-voltage  utilization  factor  may  be  made  without  going  Into 
the  overvoltage  mode.  For  the  majority  of  transmitting  tubes,  the 
oritloal -Biode  line  ooinoldes  with  the  steep  portion  of  the  plate  ohar- 
aoterlstlos. 

The  power  developed  at  the  grids  of  transmitting  tubes  heats  them 
up  to  a  high  teiig>erattire,  irtiloh  may  lead  to  deformation  of  the  grids. 
Increased  evolution  of  gases  from  grids,  dispersion  of  material  from 
turns  and  traverses,  and  even  to  overheating  of  the  turns.  In  addition 
to  the  power  developed  at  grids  owing  to  grid  current,  the  grids  of 
transmitting  tubes  are  additionally  heated  owing  to  the  power  radlateu 
from  the  Interior  surfaces  of  plates  that  are  heated  to  very  high 
tenperatures,  and  the  power  radiated  by  cathodes.  As  a  result,  the 
power  that  may  be  obtained  from  a  tube  in  an  oscillator  circuit  Is 
frequently  limited  not  by  the  pendsalble  plate  dissipation,  but  by  the 
pexmlsslble  grid  dissipation. 

7-6.  THIODE  TYPES  AND  APPUCATIONS. 

For  use  in  the  various  types  of  olrouita  that  have  been  disouaaed 
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In  part  in  the  preceding  paragraph,  trlodea  ahould  have  different 
oharaeterlatloB. 

Ai  do  all  eleotmn  tubes,  trlodes  fall  Into  two  larg^  g3?oups  — 
receiving -^^pllfylng  (low-{>ower)  trlodes  and  trananlttlng  (hlgh^power) 
trlodes,  Beoelvlng -amplifying  trlodes  are  classified,  as  a  rule,  on 
the  basis  of  aaqpllfl cation  factor,  and  transmitting  trlodes  according 
to  power  and  applications. 

In  low-frequency  power  amplification  circuits.  In  order  to  obtain 
high  enough  HP  power.  It  Is  necessary  to  utilize  tubes  having,  as 
follows  from  Eq.  (7-34),  as  large  a  product  S^..as  possible  together 
with  a  left-shifted  characteristic,  which  makes  It  possible  to  utilize 
a  high -amplitude  driving  voltage.  In  order  to  obtain  a  lefS -shifted 
characteristic  for  tubes  having  high  gains,  however,  a  considerable 
Increase  In  plate -supply-source  voltage  Is  required,  which  coii?)lloateB 
tube  and  circuit  design.  In  the  majority  of  receiving -amplifying - 
trlode  types,  the  rated  plate  voltage  does  not  exceed  250-300  v.  Ihus, 
low-^  trlodes  with  gains  on  the  order  of  4-10  are  used  for  low-fre- 
quenoy  power-amplification  circuits;  they  have  a  left -shifted  character¬ 
istic  and  relatively  high  transconductance.  Since  the  product  for 
such  trlodes  may  not  be  very  high,  they  are  utilized  In  circuits 
designed  for  small  amounts  of  RP  power  -  not  more  than  3-5  watts. 

Such  receiving -amplifying  trlodes  have  maximum  plate  dissipations 
on  the  order  of  10-15  watts.  Ixodes  are  considerably  mo]?e  frequently 
utilised  In  low-frequency  voltage  amplification  circuits.  As  follows 
from  ejqpresslon  (7-19)#  In  order  to  obtain  high  voltage  gain.  It  Is 
desirable  to  have  a  high  dynamic  transoonductance  S^,  and  a  high  plate - 
load  resistance.  Since  the  load  resistor  In  such  anpllflers  normally 
equals  2-3  R^,  the  tubes  shotad  have  a  large  plate  resistance,  which 
correqK}ndB  to  a  high  asplificatlon  factor,  which  In  such  tubes  may 
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range  trcm  50  to  100.  A  l*urther  Increase  In  gain  with  no  change  In 
plate  voltage  does  not  make  it  poeelble  to  obtain  the  desired  values 
of  transoonduotanoe,  owing  to  a  drop  in  the  effective  potential.  Ihe 
plate  resistance  of  hlgh*^  triodes  is  on  the  order  of  several  tens  of 
kllohas. 

Medium*^  triodes  are  very  commonj  their  anplifioatlon  factors 
range  from  20  to  40.  Ohese  triodes  may  be  successfully  employed  in 
low-frequency  voltage  amplification  circuits;  they  have  higher  trans- 
conductance  than  high triodes  and  plate  resistances  of  10-13  koha. 
Medium-^  triodes  are  in  universal  use,  and  are  used  in  very  different 
types  of  clrcailts  —  in  power  anqpllflcatlon  circuits  for  low  values  of 
ilP  power^  in  pulse  generators  for  special  pulse  shapes,  in  omqputer 
clrotiitry,  etc. 

Transmitting  triodes,  designed  for  use  in  RF  power  amplification 
circuits  and  as  high -power  RF  oscillators,  should  have  a  high  value  of 
plate  dissipation,  and  large  cathode  emission.  Such  tubes  are  norsudly 
operated  class  C,  and  operate  in  the  positive  grid-voltage  region.  In 
order  to  avoid  the  necessity  for  the  utilization  of  high-saqplitude 
driving  voltage  and  a  bias  voltage  that  is  large  in  absolute  value, 
transmitting  triodes  noiwally  have  "right -shifted"  characterlstlce, 
cozrrespondlng  to  a  high  amplification  factor  (on  the  order  of  40-80}. 

Transmitting  triodes  operating  in  low-frequency  power>^apliflcation 
ciz*o\iits  (modulator  triodes)  basically  are  subject  to  the  same  require¬ 
ments  as  are  receiving -amplifier  triodes.  High -power  modulator  triodes 
normally  operate  in  class  A,  without  going  into  the  positive  grid- 
voltage  region.  Hie  namm  "modulator"  triode  is  soswwhat  inaccurate, 
since  andulation  proper  takes  plate  in  tubes  operating  in  Intermediate 
stages  of  RF  power  amplification,  while  modulator  tubes  are  utilised 
to  increase  the  poner  of  the  modulating  signal. 


Figure  7-17  Bhowa  the  slnqplest  plate -modulation  circuit.  In  this 
circuit,  the  drive  voltage  la  applied  to  the  Input  of  the  tranamlttlng 
tube  (RP  power  amplifier),  while  alternating  audio  voltage  from  the 
microphone  la  applied  to  the  modulator  Input,  ^e  modulator  tube  la 
uaed  for  power  amplification  of  the  audio -frequency  algnalj  In  thla 
caae,  the  tranamlttlng  tube  aeta  as  the  load  for  the  audio -frequency 
amplifier  and,  conaequently,  the  augnltude  of  thla  load  la  determined 
by  the  Internal  realatance  of  the  tranamlttlng  tube.  Aa  a  reault,  the 
modulated  RF  la  taken  from  the  output  circuit  of  the  tranamlttlng  tube. 
Both  tubea  \iae  a  common  plate -aiq;>ply  aouroe,  which  la  protected  agalnat 
audio  voltagea  by  an  audio  choke.  The  entire  modulator  aectlon  of  the 


Fig.  7-17*  Plate -modulation 
circuit. 

1)  Audio  choke;  2)  modulator; 

3)  audio  ai|pal;  4)  RF  choke; 

5)  output;  o)  awdulated  RF; 

7)  RF  tube;  6)  input;  9)  RP. 

circuit  la  protected  agalnat  RF  voltagea  by  a  RF  choke  In  the  plate 
circuit  of  the  tranamlttlng  tube. 

niua,  the  modiilator  tube  operatea  In  a  low-frequency  power- 
aapllflcatlon  circuit  (in  the  given  caae  the  algnal  la  fozmed  by  audio 
oacillatlona  arriving  from  the  microphone). 

Clroulta  utlllrlng  trlodea  are  greatly  affected  by  tube  Internal 
capacitanoea,  which  have  an  eq>eclally  atrong  effect  at  zmdlo  frecpienciea. 


niMtwifii' 


The  Interelectrode  capacitances  shunt  the  Input  and  output  circuits, 
resulting  In  a  drop  In  the  dynamic  gain  of  the  aagillfler  circuits,  and 
distortion  of  transmitting -tube  frequency  response. 

Ihe  grid-plate . capacitance  has  an  especially  strong  effect  upon 
clrciilt  operation  (the  transfer  capacitance).  It  Is  known  from  the 
theory  of  vacuum-tube  anqpllflers  that  the  dynamic  Input  capacitance 
of  a  tube,  which  determines  the  output  conductance.  Is  determined  by 
the  total  Input  capacitance  and  the  plate-grid  capacitance,  multiplied 
by  a  factor  otu  ^  +  1 1 

^.*41 = '^e.« + +  0  C,.*.  ( 7 -36 ) 

Ihls  over-all  capacitance  shunts  the  plate  load  of  the  tube  In  the 
previous  stage  of  an^llflcatlon,  which  leads  to  a  considerable  loss 
of  gain.  This  phenomenon  takes  place  with  greater  Intensity  the  higher 
the  frequency  of  the  alternating  voltage. 

The  plate  clro\ilt  and  grid  circuit  are  coupled  through  the  capaci¬ 
tance  _.  In  amplifiers  having  tank  clrctiits,  such  "feedback"  may 
lead  to  the  appearance  of  oscillation,' which  cannot  be  permitted, 
since  the  circuit  begins  to  operate  as  a  self-excited  oscillator.  Ihe 
phenomenon  of  self-excltatlon  Is  also  possible  In  the  absence  of  tuned 
circuits  In  the  plate  circuit.  In  such  circuits,  a  tuned  circuit  may 
be  created  by  the  plate -cathode  capacitance,  the  capacitance  between 
circuit  wiring  elements,  and  the  inductances  of  cirouit  wiring  and 
tube  leads. 

In  standard  designs  for  receiving -aiq;>llfying  trlodes,  the  Inter¬ 
electrode  capacitances  may  be  on  the  order  of  1  micromicrofarad,  and  in 
transmitting  tubes  on  the  order  of  tens  of  ml croalcro farads. 

A  substantial  decrease  in  interelectrode  capacitance  of  trlodes 
as  a  result  of  struotural  changes  is  very  difficult.  In  the  best  RP 
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triodes  of  standard  construction,  the  transfer  capacitance  does  not 
decrease  below  1  mlcromlcrofarad.  Special  trlode  designs.  Intended  for 
amplification  at  microwave  frequencies,  are  discussed  In  Chapter  Twelve. 

Ihus,  the  basic  fundamental  disadvantages  of  triodes  are  high 
transfer  capacitance,  and  the  Impossibility  of  gaining  any  considerable 
Increase  In  plate  resistance  with  high  enough  transconduotance  without 
a  noticeable  rise  In  plate  voltage.  The  second  drawback  Is  peculiar 
basically  to  receiving -an^illfylng  triodes.  In  transmitting  tubes.  It  Is 
possible  to  apply  high  plate  voltages  such  as  are  needed  for  obtaining 
large  RF  powers. 

Ihese  drawbacks  are  to  a  considerable  degree  eliminated  In  more 
complicated  types  of  tubes  —  tubes  with  screen  grids. 


Chapter  Eight 

SOREEN-aRID  TUBES  -  TETRODES  AND  PENTODES 

8-1.  TETRODE  ARRANCEMENT  AND  OPERATING  PRINCIPLES. 

The  Blrapleat  screen-grid  electron  tube  Is  the  four-electrode  tube  — 
the  tetrode  (Elg.  8-1).  in  this  tube,  a  second  grid,  called  the  screen 
grid.  Is  located  In  the  space  between  the  control  grid  and  the  plate. 

It  has  a  positive  potential  ranging  from  15  to  100  per  cent  of  the 
nominal  plate  voltage,  depending  upon  the  design  and  function  of  the 
tetrode.  Ihe  most  Important  advantage  of  the  tetrode  lies  In  the  fact 


Pig.  8-1.  Designations  for 
tetrode  elements, 
a)  With  filament;  b)  with 
Indirectly  heated  cathode. 


that  the  second  grid  shields  the  plate  from  the  control  grid,  resulting 
In  a  considerable  decrease  In  the  transfer  capacitance  of  the  tube.  A 
comparison  of  similar  designs  for  trlodes  and  tetrodes  shows  that  the 
presence  of  a  screen  grid  decreases  the  transfer  capacitance  by  factors 
of  tens  and  hundreds. 

Ihe  presence  of  an  additional  second  grid  near  the  first  grid  In¬ 
creases  the  effective  potential  without  rcd.Blng  the  plate  voltage.  On 
the  other  hand,  this  second  grid  weakens  the  action  of  the  plate  elec¬ 
tric  field  on  the  space  charge  near  the  cathode  and,  consequently,  de¬ 
creases  the  effect  of  a  change  In  plate  voltage  on  the  cathode  current, 
which  Increases  tube  gain.  Ihus,  the  Introduction  of  the  second  gzd-d 
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nakes  It  possible  to  raise  tube  gain  In  the  presence  of  a  quite  high 
effective  potential  without  raising  plate  voltage. 

The  first  grid  of  a  tetrode  Is  still  the  control  grid.  The  elec¬ 
tron  current  coming  from  the  cathode,  passing  throxigh  the  first  grid. 

Is  distributed  between  the  plate  and  the  second  grid.  The  screen-grid 
current  Is  of  no  use,  and  thus,  In  designing  tetrodes.  It  Is  attenpted 
to  minimize  It. 

8-2.  EFFECTIVE  POTENTIAL  OF  A  TETRODE. 

The  electric  field  in  a  tetrode  Is  set  up  by  three  electrodes  — 
the  first  and  second  grids  and  the  plate.  Consequently,  the  magnitude 
of  the  currents  for  the  electrodes  of  a  tetrode  Is  a  function  of  the 
potentials  of  these  electrodes. 

The  magnitude  of  the  total  cathode  current  Is  determined  by  the 
resultant  potential  set  up  In  the  space  between  the  first  grid  and  the 
cathode.  Just  as  with  a  trlode,  the  potential  In  the  plane  of  the  first 
grid  of  a  tetrode  Is  not  the  same  at  different  points.  Thus,  In  ozHier 


to  ^ 


Pig.  6-2.  Reduction  of  a 
tetrode  to  an  equivalent 
diode. 

a)  Tetrodes;  b)  equivalent 
trlode;  c)  equivalent  diode. 

2)  '’cl'  3)  “)  V 

to  compute  the  magnitude  of  the  cathode  current.  It  Is  necessary  to 
replace  the  nonunlfom  potential  In  the  plane  of  the  first  grid  with 
the  resulteuit  potential  set  up  at  the  cathode  by  a  field  equivalent 
to  the  field  set  up  as  a  result  of  the  resultant  effect  of  the  poten- 


tlals  of  the  first  and  second  grids  and  the  plate.  In  order  to  deter¬ 
mine  this  effective  potential.  It  Is  possible  to  utilize  a  method  of 
successive  reduction  to  the  equivalent  diode,  as  was  done  In  the  dis¬ 
cussion  on  trlodes. 

Ihe  resultant  effect  of  the  plate  and  the  screen  grid  may  be  re¬ 
placed  by  the  effect  of  an  Imaginary  plate  located  in  the  pleme  of 
the  screen  grid  (Pig.  8-2),  having  a  potential  ^d2  determined  from  the 
well-known  formula 


+  (8-1) 

In  this  formula,  Dg  Is  the  penetrance  of  the  second  grid,  determining 
the  electrostatic  effect  of  the  plate  on  the  second  grid. 

As  a  result  of  replacing  the  plate  and  screen  grid  with  an  equiva¬ 
lent  plate,  we  obtain  a  trlode  with,  a  plate  voltage  and  a  grid  volt¬ 
age  of  ^cr  Such  a  trlode  may  be  reduced  to  an  equivalent  diode  with 
an  effective  potential : 


i  +  .  (8-2) 

where  is  the  penetrance  of  the  control  grid,  determining  the  electro¬ 
static  effect  of  the  equivalent  plate  on  the  cathode. 

Here  It  Is  assumed  that  the  penetrance  Is  quite  small  and,  con¬ 
sequently,  It  may  be  neglected  In  the  denominator  of  the  effective - 
potential  equation. 

Substituting  the  value  of  the  potential  ^d2  Into  (8-2),  we  obtain 
an  equation  defining  the  effective  potential  of  a  tetrode t 

'  +  ;  (8-3) 

*  “  ^d  "  ^deystvuyushohly  ”  ^effective*  ^ 
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Tlie  product  =  D  la  called  the  total  penetrance  of  a  tetrode.  TSie 

penetrance  of  a  tetrode  characterizes  the  electrostatic  effect  of  the 
plate  of  the  tetrode  on  the  cathode.  Since  the  quantities  and  Dg 
are  always  less  than  1,  D  Is  much  less  than  1.  The  equation  for  the 
effective  potential  of  a  tetrode  finally  takes  the  following  form: 

+  (8-4) 

Since  the  quantity  D  Is  very  small,  the  effect  of  plate  voltage  on  the 
space  charge  near  the  cathode  of  a  tetrode  Is  slight.  Thus,  the  value 
of  the  effective  potential  Is  determined  basically  by  the  potentials 
of  the  grids,  and  an  abbreviated  version  of  the  effective -^jotentlal 
equation  may  be  utilized  with  accuracy  sufficient  for  the  majority  of 
tetrodes : 


+  •  (8-5) 

Substituting  Into  the  three-halves  law  the  tetrode  effective 
potential  correct  for  the  eqiiivalent  diode,  we  may  find  the  magnitude 
of  the  cathode  current. 

i-  2. 

I=GUI  +  (/.,)*  .  (8-6) 

Ihe  geometric  coefficient  0  in  the  equation  Is  determined  from  the 

dimensions  of  the  control  grid  and  the  cathode  of  the  tetrode. 

8-3.  DISTRIBUTION  OP  CURRENTS  IN  A  TETRODE.  PLATE-CURRENT  EQUATION. 

In  the  general  case,  the  electron  current  from  the  cathode  of  a 
tetrode  Is  distributed  between  the  grids  and  the  plate.  Ihe  relation¬ 
ship  between  the  currents  In  these  electrodes  depends  upon  their  po¬ 
tentials  and  upon  geometry.  In  the  particular  case  of  the  negative 

control  grid,  the  current  from  the  cathode  Is  distributed  between 

the  screen  and  the  plate.  In  this  case,  the  control  grid  may  be  con- 


■Idered  to  be  the  cathode,  delivering  the  total  tetrode  current. 

The  distribution  of  current  between  plate  and  screen  Is  similar 
to  the  distribution  of  current  In  a  trlode  where  the  grid  Is  positive. 
Vfhere  the  plate  voltage  Is  greater  than  the  screen  voltage,  the  current 
distribution  corresponds  to  direct  Interception  conditions,  as  dis¬ 
cussed  In  Sec.  6-5.  In  this  case,  the  current -distribution  factor  will 
equal ! 


For  plane  electrodes, 
form: 


(e-7) 

the  geometric  factor  takes  the  following 


for  cylindrical  electrodes 


(8-8) 


(8-9) 


In  these  formulas,  dtls  the  grid  fill  factor  defined  as  the  ratio  of 
the  portion  of  the  grid  surface  occupied  by  the  turns  and  the  traverses 
to  the  entire  surface.  The  quantities  r^g  and  r^  are  the  screen  grid- 
cathode  and  plate -cathode  separations  In  a  flat  arrangement,  or  the 
radii  of  the  screen  grid  and  plate  In  a  cylindrical  system. 

The  current -distribution  coefficient  under  electron-return  con¬ 
ditions,  for  a  tetrode,  may  be  found  as  In  the  case  of  a  trlode  (6-39) > 


.  (8-10) 

Conqparlng  Eq.  (8-7)  for  the  current -distribution  factor  In  direct  In¬ 
terception  with  Eq.  (8-10),  we  find  the  current -distribution  factor 
under  electron-return  conditions;  clearly,  as  the  plate  voltage  rises, 
the  current -distribution  factor  and,  consequently,  the  plate  current 
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rise  considerably  faster  under  electron-return  conditions  than  under 
direct  Interception  conditions,  llils  conclusion  Is  Illustrated  graph¬ 
ically  In  Pig.  8-3 j  which  shows  the  cxirrent -distribution  factor  as  a 
function  of  the  ratio  with  a  constant  voltage  on  the  screen  grid. 


Pig.  8-3.  Example  of  the 
dependence  of  the  current - 
distribution  factor  of  a 
tetrode  upon  the  ratio  of 
the  plate  voltage  to  the 
screen  voltage. 

The  distribution  of  current  In  a  tetrode  may  change  substantially 
as  a  result  of  secondary  electi*on  emission  from  the  screen  and  plate 
of  the  tube.  Where  the  plate  and  screen  potentials  are  high  enough, 
the  magnitude  of  the  secondary-emission  current  may  reach  considerable 
values,  leading  to  distortion  of  the  tube  characteristic.  Secondary 
electrons  move  from  sui  electrode  at  lower  potential  to  an  electrode  at 
higher  potential.  In  ouch  case,  the  total  electron  current  of  an  elec¬ 
trode  at  a  lower  potential  drops,  and  the  current  of  the  electrode  at 
higher  potential  rises.  Ihus,  functional  dependencies  of  current 
division  may  be  Investigated  only  with  small  positive  electrode  poten¬ 
tials,  where  the  energy  of  the  primary  electrons  Is  Insufficient  to 
oauae  noticeable  secondary  emission. 

Where  the  plate  voltage  Is  less  than  the  screen  voltage,  but 
high  enough  for  secondary  emioslon  to  appear,  secondary  electrons 
from  the  plate  aove  to  the  screen  under  the  action  of  the  electric 


field,  decreasing  the  plate  current  and  raising  the  screen  current. 

Hie  drop  In  plate  voltage  under  these  conditions  leads  to  a  rise  In 
the  velocity  of  the  electrons  arriving  at  the  plate,  which  In  turn 
causes  an  Increase  In  the  seoondary>^]Hlsslon  coefficient.  As  a  result, 
an  Increase  In  plate  voltage  Is  accompanied  by  a  drop  In  plate  current. 
A  similar  phenomenon  may  occur  at  the  grid  under  direct -Interception 
conditions. 

In  order  to  determine  the  magnitude  of  the  plate  current  of  a 
tetrode  under  given  conditions  where  the  contrc/l  grid  Is  negative.  It 
Is  necessary  to  know  the  current  distribution  between  the  screen  and 
plate.  Hius, 

and 

-k  ■ 

i 

then 

i  ■’. 

i  •  (8-11) 

Hie  cathode  ouirrent  of  a  tetrode  Is  found  from  Bq.  (8-6);  then 

I  — 

I  (8-^2) 

8*4.  STATIC  PLATE  CHARACTERISTICS  OF  TETRODES. 

Hie  magnitudes  of  the  plate  current  and  grid  currents  of  a  tetrode 
depend  upon  the  potentials  of  three  electrodes:  the  plate,  and  the 
two  grids.  Hie  characteristics  Indicating  the  dependence  of  these 
currents  upon  one  of  these  voltages  with  the  other  two  held  constant 
are  called  the  static  characteristics  of  the  tetrode. 


Pig.  8J^.  Circuit  for 
studying  a  tetrode. 


In  practice,  these  characteristics  may  be  found  with  the  aid  of 
the  circuit  shown  in  Pig.  8-4.  In  order  to  sln^jllfy  the  drawing,  the 
heater  supply  circuit  has  not  been  shown.  The  plate  voltage  and  screen 
voltage  are  taken  from  potentiometers  connected  In  parallel  with  a 
common  DC  supply.  The  control  grid  voltage  Is  taken  from  a  potentio¬ 
meter  throTigh  a  changeover  switch  that  makes  it  possible  to  change 
grid  polarity.  MUllammeters  are  used  to  measure  the  plate  and  grid 
currents.  Ihe  voltages  on  the  electrodes  are  found  with  voltmeters 
connected  directly  to  the  potentiometers. 

Ihe  curve  showing  plate  current  as  a  function  of  plate  voltage 
with  the  grid  and  screen  voltages  held  constant  Is  called  the  static 
plate  characteristic  of  the  tetrode.  The  characteristics  showing  the 
grid  curirents  as  functions  of  plate  voltage  under  the  same  conditions 
are  called  the  grid-plate  characteristics. 

Sample  plate  and  grid-plate  (screen  grid)  characteristics  of  a 
tetrode  are  shown  In  Fig.  8-3.  As  is  clear  from  the  graph,  the  char¬ 
acteristics  have  three  sections:  section  I  corresponding  to  the 
rapid  rise  In  plate  current  as  the  plate  voltage  rises  from  zero, 
section  II  on  which  we  observe  a  dip  In  the  plate-current  character¬ 
istic  as  the  plate  voltage  z^ses,  and  section  III,  along  which  an  In¬ 
crease  In  plate  voltage  causes  a  slight  rise  In  plate  ctirrent. 

The  ny>ld  rise  In  plate  current  on  the  first  section  results  from 
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Pig.  8-5*  Swapl*  plate  and 
grld>f>late  oharaoteriatlos  : 
of  a  tetrode. 

the  rapid  rlae  In  the  current -distribution  factor  as  the  plate  volt¬ 
age  Increases  under  electron-return  conditions.  On  this  section,  there 
Is  no  secondary  emission  from  the  plate,  since  the  energy  of  the  elec¬ 
trons  arriving  at  the  plate,  n.iere  the  plate  voltage  Is  small.  Is  In¬ 
adequate  for  the  appearance  of  any  noticeable  secondary  emission. 

When  the  electrons  arriving  at  the  plate  obtain  a  sufficiently  high 
energy,  secondary  emission  from  the  plate  appears;  It  Increases  as  the 
plate  voltage  rises.  As  long  as  the  screen  voltage  remains  higher  than 
the  plate  voltage,  secondary  electrons  will  pass  over  to  the  screen 
under  the  Influence  of  the  electric  field  In  the  plate -screen  space; 
this  results  in  a  rise  In  the  screen  current  and  a  decrease  In  plate 
current.  In  this  case,  a  rise  In  plate  voltage  Is  aoooiqpanled  by  a 
drop  In  plate  current:  there  Is  a  dip  In  the  plate  characteristic, 
nils  phenomenon  is  called  the  dynatron  effect. 

With  a  further  rise  in  plate  voltage,  when  it  comes  near  to  the 
value  of  the  voltage  on  the  screen,  the  dynatron  effect  ceases  to  be 
felt,  since  all  of  the  secondary  electrons  return  back  to  the  plate 
and,  consequently,  have  no  effect  upon  the  current  distribution.  When 
the  plate  voltage  rises  above  the  screen  voltage,  a  direct -interception 
mode  of  operation  sets  in,  and  the  plate  current  rises  slightly  with 
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plate  voltage.  Ihua,  the  plate  oharaoterietio  along  the  third  section 
is  sloping. 

Since  the  change  in  plate  voltage  has  very  little  effect  upon  the 
value  of  the  effective  potential  of  a  tetrode,  there  is  almost  no  in¬ 
crease  in  cathode  current  accon5)anylng  a  rise  in  plate  volt€ige.  Thus, 
the  sum  of  the  plate  and  screen  currents  remains  almost  constant. 

Ihe  existence  of  the  dynatron  effect  strongly  limits  tetrode  ap¬ 
plications.  Under  dynamic  operating  conditions,  the  plate  voltage  may 
become  less  than  the  screen  voltage,  and  the  tube  will  operate  In  the 
dynatron-effect  section.  When  this  happens,  undesirable  phenomena 
appear!  excitation  of  spurious  oscillations  in  plate  circuits,  dis- 
toirtlbn  of  the  signal  being  anpllfled,  etc. 

8-5.  METHODS  FOR  ELIMINATINa  THE  DYNATRON  EFFECT.  BEAM  TETRODES  AND 

PENTODES. 

In  order  to  eliminate  the  dynatron  effect,  it  is  necessary  to  pre¬ 
vent  the  movement  of  secondary  electrons  from  the  plate  to  the  screen 
grid.  In  order  to  do  this,  an  electrical  field  that  will  return  the 
secondary  electrons  to  the  plate  should  be  set  up  in  the  space  between 
the  plate  and  the  screen. 

If  a  minimum  potential  is  set  up  in  the  plate -screen  space,  primary 
electrons  having  high  velocities  will  overcome  it  and  escape  the  plate. 
Secondary  electrons,  having  low  initial  velocities,  cannot  overcoat 
this  minimum  potential,  &uid  will  return  to  the  plate. 

It  is  possible  to  set  up  a  minimum  potential  in  the  plate -screen 
space,  either  by  Increasing  the  space-charge  density  in  this  space, 
or  by  introducing  an  additional  electrode  into  the  space  that  has  a 
potential  oonsidei?ably  below  the  plate  and  screen  potential. 

Ihe  simplest  method  for  setting  up  a  minimum  potential  in  the 
screen-plate  space  irtien  ^c2  >  ^a  is  to  move  the  plate  away  from  the  ’ 
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Fig.  8-6.  rd.«trlbutlon  of 
potential  in  a  tetrede  where 

<  ^02- 

Bcreen.  To  clarify  this,  let  ua  coneider  the  change  in  potential  as  we 
move  from  the  cathode  to  the  plate  (Pig.  8-6)  in  a  tetrode  (we  con¬ 
sider  the  grid  potentials  to  be  their  effective  potentials).  In  the 
Bcreen-^late  spaccj  a  minimum  potential  la  formed  as  a  result  of  the 
space  charge  set  up  by  the  electrons  passing  through  the  screen  grid. 
The  greater  the  number  of  electrons  that  reach  this  space  diud-ng  each 
instant  of  time,  the  deeper  will  be  the  potential  minimum.  As  the  plate 
is  moved  away  from  the  screen,  the  number  of  electrons  in  the  screen- 
plate  space  will  rise.  In  addition,  there  will  be  a  drop  in  the  result¬ 
ant  potentleLL  of  the  screen  grid,  and  the  velocity  of  the  electrons 
passing  through  the  screen  drops  somewhat,  which  also  amounts  to  an 
Increase  in  electron  concentration.  All  of  this  leads  to  a  drop  in  the 
potential  minimum,  and  places  it  further  away  from  the  plate.  Where  the 
current  passing  throtigh  the  screen  has  sufficiently  high  density,  the 
potential  minimum  that  forms  proves  to  be  adeqxuite  to  cause  the  slow 
secondary  electrons  to  ]?eturn  to  the  plate  and,  consequently,  to  sup¬ 
press  the  dynatron  effect.  Tlie  required  relationship  between  the 
screen-plate  and  cathode -plate  separations  that  will  suppress  the 
dynatron  effect  depends  upon  the  potential  of  the  screen  and  the 
electron-current  density.  In  most  cases,  the  condition 
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Bhoxild  be  satisfied.  At  the  present  tlae^  the  method  described  for 
suppressing  the  dynatron  effect  Is  utilized  relatively  Infrequently, 
and  only  In  tubes  having  very  small  cathode -screen  grid  spaclngs 
(for  example.  In  the  6E5P  tetrode).  Where  the  situation  Is  otherwise, 
removal  of  the  plate  to  a  greater  distance  leads  to  a  considerable 
rise  In  tube  dimensions. 


Pis*  3-7*  Dlagramatlc 
representation  of  a 
beam  tetrode, 
l)  Cathode;  2)  control 
grid;  3)  screen  grid; 
4)  beaa-fozedng  plate; 
3)  plate. 


Fig.  8-8.  Family  of  plate 
ohauTaoteristlcs  of  the  6f6S 
[SvSCT]  beaa*ipower  tube. 

1)  Volts. 


A  more  widely  utilized  design  Is  the  so-called  beam -power  tetrode. 
In  which  a  minimum  potential  Is  set  up  In  the  screen-plate  space  by  In¬ 
creasing  the  space  charge,  without  isovlng  the  plate  further  away.  Beam 
tetrodes  have  the  following  structural  peculiarities.  Both  tetrode 
grids  are  made  with  the  same  pitch  and  are  so  arranged  In  the  tube  that 
the  projections  of  their  turns  on  the  cathode  coincide,  l.e. ,  so  that 
the  turns  of  the  screen  grid  are  so  located  with  respect  to  the  cathode 
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that  It  iB  as  If  they  were  in  the  shadow  of  the  turns  of  the  first 
grid.  In  the  space  between  the  screen  grid  and  the  plate>  there  is  a 
beaa-fomlng  plate,  having  a  longitudinal  slot  (Fig.  8-7).  Ihe  beaan- 
foming  plate  is  connected  to  the  cathode  and  has,  consequently,  zero 
potential. 

As  a  result  of  the  fact  that  the  turns  of  both  grids  are  in  the 
sane  position,  the  electron  stream  passing  through  the  control  grid 
suffers  almost  no  scattering  along  the  axis  of  the  tube.  Passing  through 
the  screen  grid,  the  stream  of  electrons  is  laterally  cojupressed  by  the 
field  of  the  beam-shaping  plates.  Acted  upon  by  the  field  formed  by  the 
grid  turns,  and  the  field  of  the  slot  in  the  beam-shaping  plate,  the 
stream  of  electrons  is  formed  into  electron  beams  of  high  density.  The 
high  density  of  the  electron  charge  sets  up  in  the  Bcreen-^>late  space 
a  minimum  potential  that  prevents  the  movement  of  secondflo^  electrons 
from  the  plate  to  the  screen  grid. 

Sufficiently  high  electron  density  in  a  beam  tetrode  may  be 
achieved  where  the  total  magnitude  of  the  current  in  the  tube  is 
sufficiently  great.  At  low  current  values  for  the  cathode,  the  density 
of  the  electrons  in  the  screen-plate  space  proves  to  be  insufficient 
for  the  fonnatlon  of  a  potential  minimum  and  the  prevention  of  the 
dynatron  effect.  This  is  clear  from  the  family  of  plate  charaoterlstios 

for  the  6p6s  beam  tetrode  (Pig.  8-8),  which  takes  the  fora  of  a  group 

/ 

of  oharacteristioB  taken  at  constant  voltage  on  the  screen  grid  for 
several  values  of  control -grid  voltage.  The  characteristics,  corres¬ 
ponding  to  adequately  high  values  of  grid  voltage  (from  -10  v  to  O), 
do  not  have  a  dynatron  dip,  which  is  explained  by  the  high  current  of  -f 
the  tube  —  more  than  4o  ma.  At  small  operating  currents  (less  than 
25  ma),  corresponding  to  a  grid  voltage  below  -15  v,  the  charaoteris- 
tics  display  a  well-defined  dip.  Consequently,  the  beaa-tetrode 


'  a 
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construction  Is  designed  for  operation  at  relatively  large  plate 
currents,  and  la  nonnally  utilized  In  tubes  for  power  air?>llfl cation. 

One  of  the  considerable  advantages  of  beam  tetrodes.  Increasing 
their  operating  economy.  Is  the  low  screen-grid  current  with  respect  to 
the  plate  cxxrrent,  which  In  the  majority  of  beam  tubes  does  not  exceed 
7-10  per  cent  of  the  plate-current  value.  Such  a  ratio  of  plate  and 
screen  currents  Is  provided  by  the  matched  arrangement  of  grid  turns, 
which  results  In  a  considerable  drop  In  the  Interception  of  electrons 
by  the  screen  grid. 

Since  with  low  currents  the  beam-power  construction  does  not  pro¬ 
vide  s\Q)preaalon  of  the  dynatron  effect,  tubes  are  used  In  such  cases 
that  have  a  third  antldynatron  (or  suppressor)  grid  located  In  the 
space  between  the  plate  and  the  screen  grid.  Such  electron  tubes  having 
three  grids  are  called  pentodes  (Plg.  8-9).  Ihe  third  grid  of  the  pentode 
Is  either  Internally  connected  with  the  cathode,  and  thus  has  zero  po¬ 
tential,  or  has  a  separate  lead  to  which  may  be  applied  a  potential 
considerably  less  than  the  potentials  of  the  plate  and  screen.  The 
presence  of  a  grid  with  a  low  potential  between  the  plate  and  scireen 
sets  up  a  potential  minimum  In  the  space  and,  consequently,  protects 
the  tube  against  the  occtirrence  of  a  dynatron  effect. 

In  order  not  to  produce  a  considerable  deterioration  In  the  dis¬ 
tribution  of  currents  (increasing  the  screen  current),  the  third  grid 
Is  normally  made  coeirse,  with  large  penetrance.  In  this  case,  the 
majority  of  primary  electrons  passing  through  the  screen  grid  arrive 
at  the  plate,  with  the  exception  of  those  electrons  whose  paths  are 
directed  directly  against  the  turns  of  the  suppressor  grid.  Such 
electrons  may  be  repelled  by  the  suppressor  and  returned  to  the  screen. 

The  plate  characteristics  of  pentodes  do  not  have  dips  caused  by 
the  dynatron  effeot.  The  feature  dlstlngxilshlng  the  plate  oharaoterlstlos 
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Fig.  8-9.  Pentode  deslgna 
tlon. 

a)  With  a  jTijqter  between 
Buppreaaor  and  cathode; 

b)  with  Mparate  lead  for 
the  Bupprefaor. 


Fig.  8 

charaoterlBtloi  for  boom- 
powar  tetrodes  (l)  and 
pentodes  (ll). 


of  pentodes  and  beam-power  tetrodes  consists  of  the  fact  that  In 
pentodes,  the  transition  from  the  steep  to  the  flat  segment  of  the 
curve  curves  more  smoothly  (Plg.  8-10 ),  which  lladts  the  range  of 
variation  of  plate  voltage  In  dynamic  operation  (decreases  the  possi¬ 
ble  plate -voltage  use  factor).  Uils  clrc\imstance  is  explained  by  the 
additional  scattering  of  electrons  In  the  interturn  space  of  the 
suppressor.  The  strongly  deflected  electrons  Increase  the  density  of 
the  space  charge  near  the  plate,  slowing  down,  for  exajq>le,  the 
transition  from  electron-return  conditions  to  direct -Interception  con¬ 
ditions.  Scattering  of  electrons  by  the  suppressor  Is  Intensified  where 
they  are  much  scattered  In  their  passage  through  the  screen. 

An  Increase  In  the  slope  of  the  rising  portion  of  the  plate  char¬ 
acteristic  of  a  pentode  may  be  achieved  by  Increasing  the  suppressor- 
grid  spacing  and  by  placing  It  near  the  plate.  The  resiiltlng  changes 
In  electron  trajectories  are  shown  in  Fig.  8-11.  The  Increase  In  spac¬ 
ing  and  the  anovint  by  which  the  suppressor  may  be  moved  nearer  to  the 
plate  Is  limited  by  the  possibility  of  the  appearance  of  a  dynatron 
effect.  A  beneficial  effect  results  from  the  utilization  of  a  besm- 
power  system  of  arranging  the  control  and  screen  grids;  this  decreases 
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Pig.  8-11.  Effect  of 
auppresaor-grld  geometry 
on  the  nature  of  electron 
trajectorlea. 


scattering  of  electrons  passing  through  the  screen. 

Ihe  introduction  of  a  suppressor  girid  still  further  decreases 
the  effect  of  the  plate  voltage  on  the  cathode  space  charge.  Just  as 
for  a  tetrede,  it  is  possible  to  derive  an  equation  for  a  pentode  by 
successive  reduction  of  the  pentode  to  the  equivalent  diode : 

^  y., + D.y„ + D,D.y„ + D,D.D.y..  ( 8  -13 ) 

where  is  the  peneti?arce  of  the  suppressor  grid. 

The  product  of  the  penetrances  of  all  three  grids  =  D  is 

the  total  penetrance  for  the  pentode.  Although  the  penetrance  of  sup¬ 
pressor  grids  is  normally  large  in  comparison  with  that  of  the  control 
and  screen  grids,  it  has  a  considerable  effect  upon  the  total  penetrance 
of  the  tube. 

8-6.  PIATB-aRID  CHARACTERISTICS  OP  TETRODES  AND  PENTODES. 

The  static  plate-grid  characteristics  of  tetrodes  and  pentodes  are 
considered  to  be  the  curves  expressing  the  plate  and  gitLd  currents  as 
functions  of  the  control -grid  voltage  with  the  plate,  screen,  end 
suppressor  voltages  held  constant.  In  practice,  plate-grid  character- 
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latlcB  are  also  utilized  that  are  Indicative  of  the  relationship  be¬ 
tween  plate  current  and  the  voltage  on  the  screen  with  constant  volt¬ 
ages  on  the  remaining  electrodes.  Figure  8-12  shows  the  family  of 
characteristics  ^c2  “  ^^^cl^'  taken  for  various  plate 

voltages. 

Hie  curves  for  plate  current  and  screen  current  begin  at  a  single 
point,  corresponding  to  a  cutoff  voltage  on  the  control  grid.  Since  the 
plate  voltage  has  little  effect  upon  the  value  of  the  effective  poten¬ 
tial,  the  magnitude  of  the  cutoff  voltage  is  basically  determined  by 
the  screen  voltage.  As  the  control-grid  voltage  rises,  the  cathode 
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Fig.  8-12.  Sao^le  plate -grid 
and  grid  (with  respect  to  screen) 
characteristics  of  a  pentode. 

current  increases  and,  consequently,  the  plate  and  screen  currents  in¬ 
crease.  Since  the  plate  and  screen  potentials  remain  constant,  the 
current  distribution  does  not  change  either,  l.e. ,  the  ratio  of  the 
plate  current  to  the  screen  current  remains  constant. 

If  the  characteristics  are  tadcen  at  some  other  plate  voltage, 
there  will  be  almost  no  shift  in  the  starting  point  of  the  curves.  In 
pentodes,  the  change  in  plate  voltage  has  less  effect  upon  the  starting 
point  of  the  curve  than  in  tetrodes,  since  the  penetrance  is  lower  in 
pentodes.  A  change  in  plate  voltage,  however,  leads  to  a  change  in 
cuzvent  distribution,  and  the  plate -current  characteristic  will  be 
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higher  with  a  high  plate  voltage  and  the  aoreen>^rld  current  lower 
than  at  a  low  plate  voltage. 

The  family  of  tetrode  and  pentode  plate-grid  oharaoterlatloa 

takes  the  form  of  a  set  of  curves  fanning  out  from  a  single  point. 

Pentode  characteristics  lie  within  a  narrower  region  than  those  of 

tetrodes;  this  Is  easplalned  by  the  fact  that  the  current -distribution 

coefficient  for  pentodes  changes  less  as  plate  voltage  rises  than  Is 

the  case  with  tetrodes,  llie  distribution  of  current  In  a  pentode  may 

be  calculated  according  to  foiwula  (8-7)*  replacing  the  suppressor 

grid  with  an  equivalent  plate  located  In  the  position  of  the  suppressor 
* 

and  having  a  potential 

**  1  + ».  +  />« 

where  Is  the  penetrance  of  the  suppressor  grid,  Is  the  so-called 
"Inverse "  penetrance  of  the  suppressor  grid  —  a  quantity  characterizing 
the  electrostatic  effect  of  the  screen  grid  on  the  suppressor-plate 
space. 

Ihe  current -distribution  coefficient  In  a  pentode,  under  direct - 
Interception  conditions,  may  be  detenslned  from  the  formula 

In  this  case.  It  Is  assumed  that  the  potential  of  the  suppressor  grid 
Is  either  negative  or  equal  to  zero  and,  consequently,  there  Is  no 
current  In  the  suppressor  circuit.  When  the  plate  cxirrent  changes  by 
a  magnitude  AU.,  the  effective  potential  In  the  plane  of  the  siqppressor 
grid  changes  by  a  small  amount  approximately  equaling  Ihus,  the 

current -distribution  coefficient  decreases  less  In  a  pentode  than  In  a 
tetrode  for  the  same  given  change  In  plate  voltage. 

We  should  note  that  the  presence  of  a  stqppressor  grid  In  a  pentode 


leads  not  only  to  suppresBlon  of  the  dynatron  effect ,  but  also  to  the 
prevention  of  motion  of  secondary  electrons  from  the  screen  to  the 
plate*  which  Inci^eases  the  plate  current  of  a  tetrode  where  >  '’c2- 
As  we  have  already  stated,  secondary-electron  emission  from  the  screen 
grid  may  prove  to  have  a  considerable  Influence  upon  the  oiu*rent  dis¬ 
tribution  In  a  tetrode.  In  a  pentode.  In  view  of  the  presence  of  a  po¬ 
tential  minimum  created  by  the  suppressor,  the  effective  secondary 
emission  upon  ourz*ent  distribution  Is  practically  eliminated. 

It  should  be  noted  that  for  the  same  reasons,  the  plate  character¬ 
istic  of  a  pentode  Is  flatter  along  the  section  corresponding  to  direct - 
Interception  conditions  than  that  of  a  tetrode. 

Still  narrower  Is  the  fan  produced  by  the  plate -grid  characteris¬ 
tics  of  beam  tetrodes  for  which,  under  direct -Interception  conditions, 
a  change  In  plate  voltage  has  almost  no  effect  upon  the  current  dis¬ 
tribution.  Hie  position  of  the  plate-grid  characteristics  Is  determined 
basically  by  the  magnitude  of  the  screen-grid  voltage.  Hie  plate-current 
cutoff  voltage  (blocking  voltage)  may  be  computed  from  the  condition 
that  the  effective  potential  at  the  point  of  origin  of  the  oharaoter- 
istios  is  zerot 


t  (8-15) 

from  whioh 

(8-16) 

Oonsequently,  an  increase  in  screen  voltage  shifts  the  plate -grid 
characteristic  to  the  left.  Hie  magnitude  of  the  shift  of  the  charac¬ 
teristic  Is  of  Importance  In  determining  the  usefulness  of  a  tube 
in  one  or  another  amplifier  oii*cuit.  Hius,  families  of  plate-grid 
oharaoteristios  for  various  screen  voltages  are  more  common  (Slg.  8-13 )t 
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Pig.  8-13.  Pa«lly  of  plate - 
grid  and  grid  (with  respect 
to  screen;  characteristics 
of  a  6p6s  tetrode^  taken  for 
various  screen  voltages. 


8-7.  STATIC  CHARACTERISTICS  OP  TETRODES  AND  PENTODES. 

!nie  static  characteristics  of  tetrodes  and  pentodes  detezvlnlng 
the  connection  between  changes  In  the  basic  quantities  characterizing 
tube  operation,  are,  as  In  the  case  of  a  trlode,  the  mutual  conductance, 
the  Internal  resistance,  and  the  amplification  factor. 

In  contrast  to  the  trlode,  the  oharacterlstlcs  of  tetrodes  and 
pentodes  are  determined  not  only  by  the  degree  to  which  changes  In 
plate  voltage  and  control -grid  voltage  affect  cathode  current,  but  also 
by  the  effect  of  these  changes  on  current  distribution.  All  three 
characteristics  are  measured  with  the  screen  voltage  held  constant. 

The  mutual  conductance  is  defined  as  the  ratio  of  a  change  in 
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plate  current  to  the  change  In  control-grid  voltage  causing  It  with 
the  plate  and  screen  voltages  held  constant.  A  change  in  control -grid 
voltage  *  change  in  cathode  current  by  an  amount 

It  la  clear  that  this  current  Increment  is  distributed  between  the 
plate  and  the  screen  in  accordance  with  the  ctirrent -distribution  co¬ 
efficient  under  the  given  operating  conditions j  the  increment  in  screen 
current  and  the  increment  in  plate  ourrent  will  add  up  to  the  inorement 
in  oathode  ourrent  t 


/A/.-f.A/.,=A/,.  /  (8-17) 

I 

The  ratio  of  the  plate -current  increment  to  the  screen -current  Increment 
equals  the  current -distribution  coefficient  k  and,  consequently,  the 
plate-current  inorement  mi^  be  esqpressed  in  terms  of 

i  "-“iTT".- 

The  mutual  conductance,  by  <tefinition,  equals  i 


!S= 


A/, 


A/. 


(8-19) 


•<«/„  “k+ U{/,,  *  +  !*'« 

The  quantity  mutual  conductance  of  the  equivalent 

triode  whose  plate  is  located  idiere  the  screen  is  located.  The  mutual 
conductance  of  such  a  triode  is  determined  in  aocordanoe  with  Eq. 
(6-19a)*  ,  , 

S,=.3.5.I0--^£/J'. 

* 

Substituting  the  valxie  into  Eq.  (8-19),  we  obtain 


s-r^-  3.5- 10-  u[  .  (8-ao) 

Lsttlng  0  stand  for  2,33*10"®  **  writs  an  ox- 

pression  for  the  mutual  oonduotanoe  in  the  font 
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(8-20a) 


Ck>nsequentl7j  In  tetrodes  and  pentodes  >  the  anitxial  oonduotanoe  Is 
heavily  dependent  upon  the  ourrent  distribution^  since  the  higher  the 
(mrrent -distribution  coefficient,  the  greater  the  transconductance  will 
be,  all  other  conditions  renaining  the  sane,  llius^  in  designing  tetrodes 
and  pentodes,  we  should  atteapt  to  decrease  the  screen-grid  cvirrent. 

Ihe  second  static  charaote3?istic  of  tetrodes  and  pentodes  is  the 
interral  resistance,  defined  as  the  ratio  of  a  change  in  plate  voltage 
to  the  change  in  plate  current  with  the  potentials  on  the  reaalnixig 
electrodes  held  constant t 


(8-21) 


When  plate  voltage  changes,  there  is  a  change  in  plate  current,  de¬ 
termined  by  two  factors.  First,  a  change  in  plate  voltage  leads  to  a 
change  in  the  effective  potential  of  the  tube  and,  consequently,  in 
the  cathode  current.  Hie  increment  in  cathode  current  is  distributed 
between  the  plate  and  screen.  Second,  there  is  a  redistribution  o^ 
otirrent  between  the  plate  and  screen.  Hie  total  change  in  plate  current 
nay  be  represented  as  a  sun  of  two  ooiqionentst 


(8-22) 

Hie  quantity  is  the  inorenent  in  plate  ourrent  caused  by  a  change 
in  cathode  ourrent  owing  to  a  change  in  the  effective  potential  of  the 
tube.  Hiis  quantity  depends  upon  the  penetrance  of  the  tube,  which  de- 
tezmines  the  degree  to  which  the  plate  voltage  affects  the  ourrent 
removed  from  the  cathode.  Hie  inoreisent  is  detezvined  by  the 

change  in  the  distribution  of  oxirrents  with  a  change  In  plate  voltage, 
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and  depends  upon  the  geoaetrlo  relationships  in  the  soreen-plate  spaoe 
of  the  tube.  Substituting  into  (8-21)  the  sua  of  theme  two  Inoreaents 
in  place  of  w®  obtain  t 


j?  —  « 

or 

*  A/jo  ,  A/,  *  j 

If;-  Ay. j 

let  AU^/AI^d  -  end  AU^/AI^^I,  -  then 


(8-23) 


(8-23e) 


I  '  _  '  I  > 

!  ‘ 

!  •  . 


(8-24) 


Consequently,  the  internal  resistance  of  tetrodes  and  pentodes  may 
be  represented  in  the  form  of  two  resistances  connected  in  parallel; 
R^j^j  depending  tqpon  the  penetrance  of  the  tube,  and  determined 

by  the  current  distribution  in  the  tube.  If  the  penetrance  of  the 
tube  is  v»ry  low,  a  change  in  plate  voltage  has  almost  no  effect  upon 
the  size  of  cathode  .current ,  and  the  resistance  approaches  in¬ 
finity.  In  this  case,  it  may  be  assumed  that  R^  -  If  the 
penetrance  is  appi^eoiable,  and  the  influence  of  the  plate  voltage  upon 
the  cathode  current  cannot  be  neglected,  then 


Kid  + 


(8-25) 


OSie  internal  resistance  may  be  found  f3?om  the  plate  curve  for  the 
tube,  with  computation  of  the  ratio  OkJS^/^1^,  as  is  shown  in  Jig.  8-l4. 
It  is  clear  that  the  flatter  the  plate  curve,  the  less  an  increment  in 
plate  current  will  correspond  to  a  given  increment  in  plate  voltage, 
and  the  higher  will  be  the  internal  resistance  of  the  tube. 

Since  pentodes  generally  have  a  higher  internal  resistance  than 
do  tetrodes,  the  plate  curves  for  pentodes,  with  dlreot -interception 
operation,  are  flatter  than  the  curves  for  tetrodes. 


-  264  - 


Plate  ourvea  for  tetrodes  and  pentodes,  taken  with  various 
voltages  on  the  control  grid,  will  not  be  paj?allel.  The  higher  the 
control •^rld  voltage,  the  steeper  the  plate  curve.  This  Is  essplalned 
by  the  fact  that  with  a  greater  cathode  ctirrent,  there  will  be  a 
greater  change  In  plate  current  for  precisely  the  same  change  In 
plate  voltage.  Oonsequently,  the  Internal  resistance  drops  with  an 
lno3?ease  In  the  oontrol-grld  voltage. 


Fig.  8-l4.  Detexmlnlng  the 
Internal  resistance  from  the 
plate  otirve. 

The  amplification  factor  for  tetrodes  and  pentodes  Is  found  from 
the  ratio  of  the  change  In  plate  voltage  to  the  change  In  control- 
grid  voltage  with  the  plate  oxuvent  and  the  voltages  on  the  remaining 
electrodes  constant t 

i  where  1^^  const.  (8-26) 

In  contrast  to  the  trlode,  where  a  change  In  plate  ctirrent  can  occur 
with  the  grid  negative  only  as  the  result  of  a  change  In  the  cathode 
current.  In  the  pentode,  the  changes  In  plate  current  owing  to  changes 
In  plate  voltage  and  to  changes  In  control*«rld  voltage  are  different 
In  character.  For  exaaple.  In  order  to  aalntaln  the  plate  current 
constant  with  an  Increase  In  the  control -grid  voltage,  the  plate 
voltage  should  be  dropped.  A  rise  In  oontrol-grld  voltage,  however, 
leads  to  an  Increase  In  the  tube  cathode  current,  while  a  drop  In 
plate  voltage  oauaes  a  deorease  In  plate  current  owing  to  a  redis- 


ti*lbutlon  of  current s  between  the  plate  and  the  screen  grid  with  no 
Bubstantled  change  In  cathode  current.  Due  to  low  penetrance,  a  drop 
In  plate  voltage  sufficient  to  conqpensate  a  plate -current  variation 
will  not  oosqpensate  a  rise  In  the  effective  potential  caused  by  an 
Increase  In  control -grid  voltage.  Oonsequently,  constant  plate  current 
Is  no  guarantee  of  constant  effective  potential,  as  Is  the  case  with 
a  trlode. 

Let  us  assTune  that  In  order  to  maintain  the  effective  potential 
iinchanged  with  an  Increase  In  control -grid  voltage  of  It  Is 

necessary  to  decrease  the  plate  voltage  by  an  aaiou|it  tU^.  From  the 
condition  that  the  effective  potential  aust  not  change.  It  fellows 
that 


At/,,  =  D4i/..  (8-27) 

J 

whenoe 


I  (8-28) 

The  quantity  1/d  =/Iq  1«  called  the  electrostatic  amplification  fac¬ 
tor  of  a  tube.  But  In  order  to  compensate  a  plate -current  change  with 
an  Increase  In  grid  voltage,  the  plate  voltage  must  change  by  an 
amount  less  than  ST7_,  since  a  drop  In  plate  current  takes  place 

basically  owing  to  a  redistribution  of  currents,  and  to  a  very  slight 
degree  owing  to  a  drop  In  the  effeotlve  potential.  Oonsequently,  the 
ratio 


Ac;, 


«/, 


l.e.,  the  tzaie  aapllolatlon  factor  of  a  pentode  (or  tetrode)  Is  less 
than  the  eleotreetatlo  aapUfloatlon  factor  found  on  the  basis  of  the 
penetranee. 
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n.g.  8-13.  Dst«x«Lnlng 
the  gain  of  a  pentode. 


The  tme  aa5)llflcatlon  factor  of  a  pentode  aay  be  found  from  the 
family  of  plate -grid  curves.  Iiet  us  assume  that  there  are  two  plate - 
grid  curves,  taken  at  plate  voltages  of  U^'  (Pig.,  8-15).  A  change  in  ;r 
plate  voltage 

with  the  plate  current  I'  constant  coj*responds  to  a  change  in  control- 
grid  voltage  of  The  same  change  in  plate  voltage  with  a  constant 

plate  current  corresponds  to  an  Increment  in  grid  voltage  of 
Since  the  plate-grid  curves  diverge,  Clearly,  the  ampli¬ 

fication  factor,  defined  as  the  ratio  of  the  increment  in  plate  voltage 
to  the  incireaent  in  control*^rid  voltage,  will  be  different  for  differ¬ 
ent  values  of  plate  current.  With  a  plate -current  value  of  I.,  the 
amplification  factor  will  be  higher  than  for  a  greater  plate  current 
I".  As  the  potential  on  the  control  grid  drops,  the  amplification 
factor  rises,  drawing  near  to  the  value  of  the  electrostatic  amplifi¬ 
cation  factor  at  a  plate  ciirrent  close  to  zero. 

Thus,  the  aaqpliflcatlon  factor  of  pentodes  and  tetrodes  depends 
upon  the  operating  conditions  of  the  tube,  unlike  the  amplification 
factor  for  triodes,  which  is  nearly  Independent  of  any  change  in 
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operating  oondltiona. 

Aa  with  trlodeaj  the  charaoterlatloa  In  tetrodea  and  pentodea 
may  be  meaaured  by  the  three -readlnga  method.  In  meaaurlng  tube 
clmracterlatloa,  the  change  In  grid  voltage  ahould  be  made  aa  amall 
aa  poaalble  (on  the  order  of  0.1-0. 2  v).  It  la  clear  that  the  unl- 
veraal  illation  SR^  =  holds  for  pentodes  and  tetrodes. 

8-8.  DYNAMIC  CURVES  AND  CHARACTERISTICS  FOR  TETRODES  AND  PENTODES. 

Owing  to  the  advantages  of  beam-power  tetrodea  and  pentodes  In 
comparison  with  trlodes  that  we  have  mentioned  above,  the  former  have 
received  very  wide  application  In  voltaige-  and  power-amplification 
circuits,  and  In  many  other  radio  and  electronic  circuits. 

When  these  tubes  are  operated  under  dynamic  conditions  with  a 
resistive  load  In  the  plate  circuit,  the  same  relationship  Is  observed 
between  the  tube  plate  current  and  plate  voltage  aa  obtains  In  a 
trlode  operating  \inder  dynaad.0  conditional 


l.e. ,  the  dynamic  plate  curve  takes  the  fora  of  a  straight  line. 

Plgtire  8-16  shows  a  family  of  static  plate  curves  for  the  6P9 
[6AO7I  pentode;  three  dynamic  curves  are  plotted,  corresponding  to  a 
plate  supply  voltage  of  E^  »  300  v,  and  load  resistances  of  2,  5,  and 
13  kohm.  As  may  be  seen  from  the  graph,  the  first  dynamic  curve  Inter¬ 
sects  the  static  curves  on  the  flat  portions,  corresponding  to  dlreot- 
Interoeptlon  operation,  the  second  in  part  passes  through  bends  In 
plate  curves,  while  the  third  Intersects  plate  curves  taken  for  low 
grid  voltages  on  flat  portions,  and  plate  oujnres  taken  for  high  '01 
on  portions  corresponding  to  electron-return  conditions. 

On  the  basis  of  the  points  ef  InteznMotlen  of  the  dynsmlo  curves 
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and  tha  atatlo  ottrvaa^  It  is  posall^la  to  plot  the  dymocLo  plate -grid 


Fig.  8-16.  Load  llnea  In  a 
faiiily  of  plate  ourvea  for 
a  6P9  pentode, 
l)  kohn;  2)  volte. 
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ourvea  for  a  6P9  pentode.  ^ 
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ourvee  ahoim  in  Fig.  8-17.  Oie  dynaalc  plate-grid  ovrve  corresponding 
to  a  2-kohBi  load  i?ealstanoe  haa  It  a  >aaxl.wai  alope  In  the  control -gzrld 
Interval  from  -3  v  to  0  (beloir  -4  v,  all  three  curves  coincide).  Ihe 
curve  ooz>respondlng  to  a  5-kohm  resistance  has  a  soatewhat  leas  steep 
slope  In  the  same  voltage  Interval,  but  la  more  neai*ly  linear. 

Finally,  the  curve  plotted  for  a  15~kohm  load  resistance  haa  a  sharp¬ 
ly  decreasing  slope  In  the  -4  to  0  v  oontrol.^rld  range. 

Consideration  of  these  curves  leads  to  the  following  conclualena. 

Flzmt,  size  of  the  plate  load  should  be  so  chosen  that  at  the 
given  amplitude  of  the  alternating  voltage  on  the  control  grid,  the 
fluctuations  In  plate  voltage  will  not  go  outside  the  plate-ourve 
section  corresponding  to  direct .d.ntez*oeptlon  operation.  Operation  of 
the  tube  under  electron-return  conditions  causes  considerable  dis¬ 
tortion  of  the  aaqpllfled  voltage,  decreases  the  dynaadc  aavllflcatlon 
faoter,  which  Is  proportional  to  the  transeondoetanoe,  and.  In  addition, 
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leads  to  the  dissipation  or  a  large  amotint  of  power  on  the  screen, 
which  decreases  circuit  efficiency,  and  asy  eause  the  tube  to  fall, 
owing  to  oTsx^ieatlng  of  the  screen. 


Pig.  8-18.  an^ph  of  the  aaxlinm 
peralsslble  power  for  a  fsaily  of 
static  plate  curves  for  a  6Zh4 
pentode. 

^  BK' 

Second,  with  low  load  resistances,  the  plate -grid  dynamic  cvizve 
Is  nonlinear,  which  aay  cause  nonlinear  distortion  of  the  voltage 
being  amplified.  The  nonlinearity  of  a  dynasdc  plate-grid  curve  Is 
explained  by  the  fact  that  the  separations  of  static  plate  curves 
that  are  plotted  for  grid  voltages  changed  by  equal  amounts  are  not 
equal;  l.e. ,  equal  changes  In  control •^rld  voltage  correspond  to  un¬ 
equal  changes  In  plate  current.  Ihe  most  linear  dynamic  plate-grid 
curves  are  those  corresponding  to  a  value  of  plate  load  at  which  the 
dynamic  plate -grid  characteristic  passes  through  sections  where  there 
Is  a  bend  In  the  static  curves.  Ihus,  where  ampllfloatlon  with  mini¬ 
mum  distortion  Is  inquired,  the  choice  of  plate  load  Is  confined  to 
within  rather  narrow  limits. 

Since  the  family  of  plate*«rid  curves  for  tetrodes  (and  pentodes) 
that  Is  confined  to  plate  voltages  corresponding  to  direct -Intercep¬ 
tion  operation  foxvs  a  very  narrow  group  of  curves,  the  dynamic 
transconductance  differs  little  In  value  from  the  static  transconduc- 
tanee  for  the  tube.  Ihe  hi|^r  the  Internal  realstanee  of  the  tube  the 


naiwirer  the  pattern  of  plate*<rld  curve*,  and,  oon»equently,  the 
less  the  dynaolo  and  static  transoonductanoe  differ.  Actually,  the 
dynaalo  tranaeendaetane*  •<i«al*,  according  to  foraola  (7-l4)t 


5. 


fit 


^e  magnitude  of  the  load  resistance  Is  normally  considerably  less 
than  the  Internal  resistance  of  the  tube.  Ihe  higher  the  value  of  R^, 
the  closer  the  ratio  Rj^/(R^  +  I^)  approaches  one,  and  the  closer  to¬ 
gether  the  values  of  the  dynamic  and  static  transoonduotances. 

nie  dynamic  asvilficatlon  factor  may  be  found  irlth  sufficient 
aoctiracy  for  practical  calculations  In  terms  of  the  product  of  the 
tube  transoonductanoe  and  the  load  resistance} 


1*4  «  5^.. 

In  choosing  the  value  of  the  plate  load  resistance.  It  Is  neces¬ 
sary  to  be  stire  that  the  power  dissipated  on  the  plate  of  the  tube 
under  dynamic  conditions  does  not  exceed  the  permissible  dissipation. 
To  do  this,  a  maximum-permissible -power  curve  Is  plotted  on  the  family 
of  plate  curves  for  pentodes  and  tetrodes  designed  to  operate  In 
power-amplifier  circuits  (Fig.  8-18). 

8-9*  VARIABLE-NU  TDEES. 

VarlableHou  tubes  foim  a  special  class  of  high-frequency  pent¬ 
odes  for  voltage -aaqpUflcatlon  purposes.  These  tubes  have  appeared  . 
owing  to  the  requirement  that  radio -receiving  equipment  operate  satis¬ 
factorily  both  when  receiving  low-power  signals  from  distant  or  weak 
transmitters,  and  when  receiving  powerful  signals  from  nearby  hlgh- 
power  transmlttexm.  It  Is  clear  that  the  amplification  given  to  sig¬ 
nals  rsealved  In  RF  stages  of  receiving  equipment  should  be  different 


for  dlfferont  signal  strengths.  If  this  were  not  the  oase^  an  ainpllfler 
designed  for  strongHSlgnal  reception  would  not  amplify  weak  signals 
enough  for  subsequent  detection,  and  a  hlgh-galn  weakHilgnal  amplifier 
would  amplify  strong  signals  to  suoh  voltage  levels  that  the  signal 
received  Is  distorted. 


Pig.  8-19.  Plate -grid 
curve  for  the  SELF  variable - 
mu  RP*  pentode. 

1)  volts. 

Ihe  problem  of  obtaining  RP  voltage  gain  as  a  function  of  the  slgy. 
nal  voltage  at  the  Input  of  the  anpllfler  Is  solved  by  utilizing  pentodes 
whose  plate-grid  curves  have  the  shape  shown  In  Fig.  8-'19.  In  order  to 
obtain  such  a  curve,  the  control  grid  of  the  pentode  Is  made  with  vary¬ 
ing  spacing.  In  which  the  majority  of  the  turns  are  close  together, 
and  one  or  two  turns  are  spaced  far  apart  (they  are  usually  In  the 
central  portion  of  the  grid)  as  shown  In  Rig.  8-20.  Suoh  a  tube  msy 
take  the  form  of  two  tubes  connected  In  parallel,  one  having  a  long, 
closely  spaced  grid,  and  the  other,  a  short,  widely  spaced  grid. 

Since  the  transconduotance  Is  proportional  to  the  working  length  of 
grid,  the  curve  for  the  first  section,  which  Is  greater  In  length,  will 
have  a  correm>ondlngly  greater  transconductance.  Qie  grid  penetrance 
will  be  low  for  this  section,  and  cutoff  will  occur  at  a  low  absolute 


value  of  the  negative  grid  potential.  Consequently,  the  first  section 
wlllmistch  the  right-hand  curve,  with  a  high  transoonduotanoe. 

The  second  section  of  the  tube,  with  a  shoz^t  grid,  will  have 
high  penetrance,  and,  consequently,  the  left-hand  curve,  with  low 
transoonduotanoe.  The  cxirves  for  both  sections  of  the  tube  8U*e  plotted 
on  the  graph  shown  in  Fig.  8'-21  (dashed  lines).  The  total  tube  current 
equals  the  sum  of  the  currents  of  both  sections,  and  thus,  ooBbining 
the  curves,  we  obtain  the  resultant  plate -grid  curve  consisting  of 
two  parts:  a  gently  rising  portion  extending  for  some  distance  along 
the  control ‘^rid  voltage  axis,  and  a  part  that  is  very  steep  and  cor¬ 
responds  to  a  small  range  of  grid-voltage  changes.  Depending  tqpon  the 
bias  on  the  control  grid,  the  operating  point  may  be  on  either  the 


Fig.  8-20.  arid  of  a 
variableHBu  tube. 


Fig.  8-^1.  Flate-grld  curve 
for  a  variable-eai  tube. 

I)  Curve  for  section  with 
small  grid  spacing;  II )  cturve 
for  section  with  wide  grid 
spacing;  III)  resultant  tube 
curve. 


flat  or  the  steep  portion  of  the  characteristic;  in  the  first  case, 
the  tube  will  have  low  gain  for  a  strong  signal,  in  the  second  case, 
high  gain  for  a  weak  signal.  The  bias  is  varied  automatically  in  re¬ 
ceiving  equipsMnt,  depending  upon  the  amplitude  of  the  received-sig¬ 
nal  voltage,  using  a  special  automatic  sensitivity-control  circuit 
(ARCh).  In  this  circuit,  the  amplified  signal  is  rectified,  and  the 
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vMtlfied  voltase  used  as  the  bias  voltage. 

Vkrlable-ani  tubes  are  widely  enqployed  In  radio  reoeivlng  equip- 
■ent.  It  should  be  noted  that  if  the  control  grid  of  such  a  tube  is 
aade  with  a  continuously  varying  pitch,  it  is  possible  to  obtain  a 
plate -CTirrent  -  grid-voltage  dependence  that  does  not  follow  the 
three-halves  Igw,  but  a  desired  law;  this  la  made  tise  of  for  oez>tain  , 
special  puzposea. 


Chapter  Nine 

TUBES  FOR  FKEQJJKNCy  CONVERSION 

• 

9^-1.  TUBBS  WITH  OTAL  PLATE-CDHRBNT  CONTROL. 

In  radio -receiving  devloee,  and  In  particular.  In  equlpaent 
designed  for  receiving  HF  and  VHF  signals,  so-called  superheterodyne 
circuits  are  widely  used.  The  operation  of  such  circuits  Is  based 
upon  the  '‘mixing”  of  two  voltages  that  differ  tvom.  each  other  In  fre¬ 
quency  In  such  manner  that  there  is  a  constant  difference  between  the 
frequencies  being  mixed. 


Fig.  9‘>1*  Formation  of  beats 
as  the  result  of  ooiiblning 
two  oscillations  with  differ¬ 
ent  frequencies. 

i)v 

The  principle  of  frequency  mixing  Is  Illustrated  graphically  in 
Fig*  9*'l*  L]pon  combining  a  voltage  u^  with  a  frequency  f^,  and  a 
voltage  Ug  with  a  frequency  fg,  we  get  a  resultant  voltage  that  has  a 
periodically  varying  amplitude.  Oscillations  of  this  tsrpe  are  called 
beats.  Nsthematical  analysis  shows  that  the  amplitude -variation 
frequency  (beat  frequency)  equals  the  difference  in  the  frequencies  of 
the  voltages  combined  t 
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(9-1) 


In  a  radio -receiving  devlo«>  tha  voltagea  and  Ug  ara  tha  signal 
voltaga^  and  a  varlabla  voltage  at  an  Intamedlata  fraquanoy^  oraatad 
In  the  racial vlng  devloa  Itself  by  a  spaelal  osolllator  —  tha  local 
OBolllator.  This  osolllator  Is  timed  together  with  tha  timed  Input 
(antenna)  olroult  of  the  raoalvar  so  that  the  dlffaranoe  between  the 
local  •oscillator  fraquanoy  and  the  frequency  of  the  signal  reaalns 
constant j  regardless  of  the  tuning  of  the  receiver. 

R>r  fraquanoy  "mixing,  ''  tubas  are  used  In  which  It  Is  possible  to 
use  two  voltages  to  control  the  plate  current.  Suoh  tubas  are  called 
mixers.  In  contrast  to  the  tubas  previously  discussed,  having  a 
single  control  alaotroda  —  tha  first  grid  —  alxans  have  two  control 
alaotrodes. 

A  pentode  may  be  used  as  a  vary  slopla  mixer,  with  tha  first  and 
thliM  grids  utilized  as  control  elements.  With  standard  pentodes, 
however,  tha  controlling  action  of  the  third  Is  slight,  owing  to  the 
large  grid  spacing.  Ihus,  mixer  pentodes  (dual -control  pentodes)  are 
oonstruoted  with  control  grids  having  low  penetrance. 

A  negative  bias  voltage  Is  applied  to  the  third  grid  of  a  pentode 
mixer.  As  a  result,  an  eleotrlo  field  that  strongly  retards  electrons 
Is  set  up  In  the  space  between  the  screen  and  suppressor  grids,  and  a 
retarding  space  charge  forms,  acting  as  a  virtual  cathode,  nils  vir¬ 
tual  cathode,  together  with  the  suppressor  and  plate  of  the  tube 
form  a  triode-type  system,  whose  plate  current  can  be  varied  by  vary¬ 
ing  the  potential  differences  between  the  suppressor  grid  and  the 

#  [6  -  b  -  blyenlye  -  beat.  ] 
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potential  mlnlnua  set  up  by  the  apace  charge. 

The  density  of  the  apace  charge,  and,  conaequently,  of  the 
potential  In  the  apace  between  the  screen  and  auppreasor  grids  as  well, 
changes  at  a  frequency  equal  to  the  frequency  of  the  signal  applied  to 
the  control  grid.  The  aagnltude  of  the  current  drawn  from  the  virtual 
cathode  to  the  plate  changes,  first,  under  the  action  of  the  varying 
signal  voltage  on  the  suppressor  grid  and,  second,  as  a  result  of  the 
change  In  potential  of  the  virtual  cathode  taking  place  at  the  frequency 
of  the  signal  applied  to  the  control  grid.  Ihus,  the  plate  current 
changes  owing  to  the  slmultaneotuB  Influence  of  both  of  the  frequencies 
being  mixed,  and  oscillations  of  the  beat  type  appear  In  the  plate 
clroidt. 

tfpon  transition  to  the  positive -potential  region  of  the  supressor 
grid,  the  virtual  cathode  Is  dissipated,  return  of  electrons  to  the 
screen  grid  ceases,  and  a  further  Increase  In  the  potential  of  the 
suppzessor  grid  has  little  effect  upon  the  magnitude  of  the  plate 
current.  !nius,  the  curve  showing  the  dependence  of  the  plate  current 
upon  the  suppressor-grid  voltage  with  constant  voltages  on  the  remain¬ 
ing  electrodes  Is  quite  steep  In  the  negative -voltage  regions,  and  be¬ 
comes  flat  when  the  suppressor  goes  positive. 

Figure  9-2  shows  cxirves  of  =  f(U^2)  ^  type  6Zh2B  (REOE)  - 

dual -control  pentode,  taken  with  varlOTis  control •^rld  voltages.  A 
change  In  suppressor-grid  potential  In  the  negative  region  causes  a 
considerable  change  In  plate  cu2*rent  and,  consequently,  the  suppressor 
may  be  utilised  as  a  second  control  electrode  for  the  tube. 

Since  a  change  In  siqppressor-grld  potential  causes  a  change  In 
the  ctir]*ent  distribution,  the  mutual  conduotanoe  for  the  control  grid 
Is  also  a  function  of  the  suppressor-grid  potential.  Ohe  quantitative 
relationship  between  the  mutual  conductance  and  the  supprsssor*^i*ld 
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9~2.  arldHplat*  oharftot*rlstlos 
for  ouMprosaor  of  6Zh2B  pontodo. 

1)  Volts j 

potential  of  a  pentode  with  dual  control  may  bo  found  by  plotting  a 
family  of  grld-i>late  curves,  taken  at  several  values  of  suppressor- 
grid  voltage.  On  the  basis  of  this  family.  It  Is  not  difficult  to  plot 
a  graph  of  9-3)*  This  function  Is  nearly  linear  In 

the  region  of  negative  suppressor-grid  voltages. 

In  order  to  detexmdne  the  relationship  between  the  muttaal  conduc¬ 
tance  and  the  suppressor-grid  voltage,  we  Introduce  the  so-called  con¬ 
version  factor,  which  Indicates  the  ohange  In  mutual  oonduotanoe  for 
each  volt  of  ohange  In  suppressor«grld  voltage  i 

*  (9-2) 

It  Is  clear  that  the  greater  the  controlling  action  of  the  suppressor 
grid,  the  greater  the  oonvez*slon  factor  will  tuz*n  out  to  be. 

Figure  9-4  shows  a  olxwiit  for  the  utilization  of  a  pentode 
mixer.  Ihe  signal  voltage  Is  applied  to  the  tube  control  grid  fz«a  an 
li^ut  tuned  circuit 


while  the  local -oaolll&tox*  voltage  goes  to  the  third  grid: 

Since  the  mutual  oonduotanoe  of  a  pentode  changes  as  the  suppressor 
voltage  changes,  where  there  is  a  varying  voltage  on  the  suppx^asor, 
the  mutual  oonduotanoe  will  also  beoome  a  varying  quantity.  If  at  the 
operating  point  the  mutual  conductance  has  a  value  (static  mutual 
conductance  with  nominal  voltages  on  all  electrodes),  then  with  a 
varying  voltage  on  the  suppressor  grid,  the  mutual  conductance  will 
depart  from  S^  by  an  amount  Ihc  instantaneous  val\ie  of  the 

mutTial  oonduotanoe  may  be  eapresaed  in  tex«s  of  the  following 
equation 

'  *  =  (9-3) 

Since  an  alternating  signal  voltage  is  aPPU^d  to  the  control 
grid  of  the  pentode,  an  alternating  current  will  flow  in  the  plate 
oirouit  equal  toi 

(9-4) 

Rnoving  parentheaes,  we  obtain  t 

= SJJ ^sin  m^t  +  sin  sin  •,/.  (  9-4a ) 

Oarrying  through  trigonoMetrio  manipulations  in  Xq.  (9-4a),  we  obtain 
an  e^qpression  for  the  alternating  ooavonent  of  the  plate  ourrenti 

*  [Up  *■  “  ^geterodin  ”  ^ooal  oscillator*  ^  j- 
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Fig.  9~3.  Mutual  oonduotanoe  with 
respect  to  first  grid  as  a  funotlon 
of  suppressor-grid  voltage  for  a 
6Zh2B  pentode. 

1)  Volts;  2)  irta/v. 


Fig.  9-4.  Olroult  for  the  utilisa¬ 
tion  of  a  pentode  alxer. 


(9-5) 

Oonsequently,  the  alternating  plate  oxu*z*ent  takes  the  foxv  of  a  sum 
of  three  sinusoidal  o\irrents,  one  of  whloh  has  a  frequency  equal  to 
the  difference  of  the  looal-osolllator  and  signal  frequencies. 

A  ttuied  olroult  Is  connected  Into  the  plate  olz*oult  of  the  tube, 
and  Is  tuned  to  the  Intermediate  frequency,  equal  to  the  difference  In 
the  frequencies  of  the  looal-osolllator  and  signal.  As  a  result,  a  oom- 
j>onent  Is  separated  out  of  the  alternating  plate  current  that  has  a 
frequency  equal  to  the  Intenaedlate  frequency.  Hie  power  developed  in 
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th0  tuned  oiroult  by  the  reaalning  plate-ourrent  oonponents  is  slight. 

Since  the  local -oeolllator  tank  circuit  ^Is  tuned  together  irlth  the 
Input  timed  circuit,  the  difference  In  frequency  between  the  signal  and 
the  local  oscillator  reaialns  fixed,  and  the  tuning  of  all  stages  In  the 
receiver  following  the  stLxer  reaalns  fixed,  whatever  the  tuning  of  the 
Input  circuit. 

Por  frequency  conversion.  It  Is  desirable  to  have  the  maximum 
amplitude  of  the  alternating  plate -oux*rent  component  at  the  Intermediate 
frequency.  Equation  (9*-5)  shoirn  that  the  aivUtude  of  this  eeigwnent 
will  equal t 

C9-6) 

Ihe  quality  of  a  tube  In  the  role  of  a  mixer  Is  determined  by  the 
conversion  transconductanoe  which  shows  what  amplitude  of  the  Interp- 
medlate -frequency  alternating  component  may  be  obtained  with  a  signal - 
voltage  amplitude  of  1  v  for  a  given  amplitude  of  the  local -osolllator 
voltage: 

I  (9-T) 

Ihe  conversion  transconductanoe  Is  proportional  to  the  convez^on 
factor  and,  consequently,  depends  upon  the  tube  characteristics. 

Dual -control  pentodes  are  widely  employed  In  so-called  colnoldence 
circuits  of  various  tyi>es  of  computing  devices  and  automatic  devices. 
These  circuits  utilize  the  property  of  these  pentodes  that  makes  It 
possible  to  out  them  off  by  means  of  a  voltage  upon  either  the  flrat 
or  third  grid.  As  a  result,  tlM  appearance  of  plate  current  from  the 
tube  Is  possible  only  when  positive  signals  are  applied  slanltaneeualy 
to  both  controllng  grids. 

As  mixer  tubes,  these  pentodes  possess  several  drawbaoks;  the 
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Pig.  9-6.  HftptcKl*. 


9-2.  MDLTIORID  FREQUENCY-CONVERSION  TUBES. 

The  utilization  of  mixer  tubes  In  a  frequency-conversion  stage 
of  a  receiver  requires  the  presence  of  an  electron  tube  used  In  an 
auxiliary-frequency  oscillator  circuit  t  this  Is  the  local  oscillator. 
Circuits  with  separate  mixer  and  local-oscillator  tubes  are  seldom 
used  in  practical  receiving  devices.  In  most  oases,  the  functions  of 
mixer  and  local -oscillator  tube  are  combined  In  a  single  tube,  called 
a  frequency  converter.  Trlode-^exodes,  trlode-heptodes,  and  heptode 
converters  (pentagrld  converters)  may  be  used  as  frequency-conveiralon 
tubes. 

Let  us  consider  a  frequency-conversion  circuit  using  a  pentagrld 
converter  (Plg.  9-7)-  ihe  cathode,  first  grid,  emd  second  grid  fona  a 
trlode,  connected  Into  a  Hartley  oscillator  circuit.  Ihe  stream  of 
electrons,  modulated  by  the  local -oscillator  signal  frequency  passes 
Into  the  space  between  the  second  grid  and  the  third  grid  which  acts 
as  the  second  control  grid.  Die  signal  voltage  Is  applied  to  the  third 
grid,  and  the  Intezswdlate  frequency  appears  In  the  plate  circuit,  as 
In  the  case  of  the  pentode  mixer  discussed  above. 

Die  drawback  to  the  pentagrld  converter  Is  the  possibility  of  the 
flqppearanoe  of  electronic  coupling  between  the  local -oscillator  and 
receiver-input  circuits  due  to  the  electrons  returning  from  the  virtual 
cathode  to  the  local -oscillator  grid.  Dils  phenomenon  may  lead  to  a 
ohange  In  local -oscillator  fHVfMncy.  A  decrease  in  electronic  oeufUng 


basic  fault  iB  the  large  oapaoltanoe  between  the  BiippresBor  and  plate , 
which  llnltB  the  utilization  of  such  tubes  as  alxers  when  the  operat¬ 
ing  frequencies  becoae  high.  Better  mixer  tubes  are  those  having  four 
and  five  grids  —  hexodes  and  heptodes. 

The  hexode  (Plg.  9-5)  has  four  grids,  of  which  the  first  and  third 
are  control  grids,  and  the  second  and  fourth  are  screen  grids  operating 
at  high  positive  potentials.  The  screen  voltage  In  hexode  mixers 
generally  amounts  to  4o  to  6o  per  cent  of  U_. 

A  dynatron  effect  can  appear  when  a  hexode  is  operated  In  a 
mixer  circuit  associated  with  a  high -amplitude  alternating  plate-voltage 
ooiq;>onent.  Heptode  mixers  are  free  from  this  fault;  these  tubes  have  a 
fifth  grid  In  the  space  between  the  fourth  grid  and  the  plate  —  a 
suppressor  grid  connected  to  the  cathode  (Fig.  9-6). 

The  basic  characteristics  of  mixer  tubes  are  the  first -grid 
mutual  conductance  S^,  the  third -grid  transconduotance  S^,  and  the 
Internal  resistance  R^.  The  first  two  pazameters  determine  the  possi¬ 
bility  of  obtaining  the  required  conversion  transconductance  fz*om  the 
mixer.  Especially  liq>ortant  Is  high  first-gidd  mutual  conductance, 
which  ensures  conversion  of  zelatlvely  w^ak  signals  applied  to  the 
first  gzd.d  of  the  tube.  An  Increase  In  tube  Internal  resistance  makes 
It  possible  to  utilize  tuned  IF  clzeults,  and  to  obtain  greater  dynamic 
gain  from  a  mixer  stage.  It  Is  clear  that  hexodes  have  greater  Internal 
resistance  them  do  pentode  islxersi  thus,  use  of  hexodes  In  mixer  steiges 
Is  more  advantageexis.  i^*'^ode  mixers  have  still  higher  Internal  resist¬ 
ance. 


mg.  9-3.  Hexode. 
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I 


Kg.  9'*7*  np»quttno7*4enT*nl0n 
elFMit  vuilng  p«ntigrld  oonv^rt^r. 

between  the  signal  and  local -osolllator  oli^iiltB  is  aohiaved  in 
special  pentagrid-oonverter  designs  that  provide  for  the  interception 
of  the  returning  electrons  by  the  second  grid. 

In  0,.  ^r  to  avoid  the  return  of  electrons  to  the  region  of  the 
local  •oscillator  grid  in  a  pentagrid  converter,  it  is  possible  to 
utilize  the  design  shown  sohe»atioally  in  Fig.  9-6.  Owing  to  the 
presence  of  four  traverses  of  considerable  diameter  at  the  third 
grid,  the  stream  of  electrons  is  focused  into  four  high-density 
beams.  Ihe  second  (screen)  grid  is  made  solid  around  the  traverses. 

Ihe  electrons  reflected  from  the  third  grid  strike  the  solid  portion 
of  the  second  grid,  and  do  not  penetrate  into  the  region  of  the  tube 
that  serves  as  the  local -oscillator  triode. 

Also  finding  application  in  free  2enoy>^onversion  stages  of  re¬ 
ceiving  devices  are  so-called  triode •^lexodes,  which  take  the  form  of 
two  tubes  comibined  in  a  single  envelope:  a  triode  and  a  hexode.  The 
triode  section  of  the  tube  operates  in  a  local -oscillator  oiroid.t, 
with  the  triode  grid  connected  within  the  tube  to  one  of  the  control 
grids  of  the  hexode  —  the  first  or  the  third  (Klg.  9**9)> 

Still  better  is  the  triode -^leptode  design  (Fig.  9-*10).  In  this 
tube,  the  heptode,  with  a  fifth,  screen  grid  connected  with  the  cathode 
and  the  metal  shield,  is  used  as  the  mixer.  The  second  and  fourth 
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Pig.  9‘-8.  Sohtaatle  rvpMMxitatlon 
of  th»  itznxotvr*  of  a  pantagrld 
oonvortor. 


grids  of  tha  haptode  seotion  are  aoraen  grids >  and  are  Intaroonneotad 
within  the  tuba,  iha  trioda  grid  has  a  saparata  laad  which  aakas  it 
posslbla  to  lUM  tha  tuba  in  various  typos  of  eirauits. 


Pig.  Sysibols  for 

trioda  4ioxodas. 
a^.Wlth  a  ooaBRon  oontrol 
grid;  b)  with  Jvanfr  ba~ 
twaan  trioda  grid  and 
third  grid  of  haxoda. 


Pig.  9-10.  SyidMl  for 
trioda  .^laptada. 


In  nixar  and  oonvartar  tubas,  tha  grid  to  whieh  tha  signal  volt- 
ago  is  appliad  is  fraquantly  aada  with  variabla  spacing  so  as  to  pro¬ 
vide  a  variabloHBU  charaotarlstic  at  this  grid. 

Iha  basic  oharaotaristics  of  oonvartar  tubas  ara  tha  first  .grid 


■utual  oonduotanoa,  noxvally  oallad  tha  local -oscillator  transoon- 
duotanoa,  tha  Intamal  raslstanoa  of  the  tuba,  and  tha  convaralon  trans- 
oondnotanoa,  dafinad,  as  with  aixar  tubas,  ast 


.Chapter  1!»n 

RECEIVINa-AMPLIFZBR  TUBES 


10-1.  EXTERNAL  APPEARANCE  OF  RECEIVER-AMPLIFinENa  TUBES. 

Existing  I'eoelvlng'^uqpllfylng  tube  designs  nap  be  grouped  on  the 
basis  of  their  external  appeaxemoe  as  follows  i 

1.  Tubes  In  glass  envelopes  (Fig.  10-la^  b). 

2.  Tubes  In  netal  envelopes  (Fig.  lO-lo,  d). 

3.  ^bes  In  glass  envelopes  with  an  external  netal  shield  and  a 
look  In  the  base  locating  pin  (Fig.  10-le). 

4.  Miniature  tubes  with  opllndrloal  glass  envelopes  and  flat  nounts 
(Pig.  10-lf,  g). 

5*  Subnlnlature  tubes  (Fig.  10 -Ih^  l). 

Reoelvlng^enpllfylng  tube  designations  are  detemlned  bp  their 
type  and  external  appearance^  and  consist  of  four  elenentsi  the  first 
elenent  Is  a  nunber^  the  second  a  letter,  the  thlM  Is  a  second  xninber. 


and  the  fourth,  a  second  letter.  Ihe  first  nuaa>er  In  the  designation  of 


reoelvlng-eivllfplng  tubes. 


imbber  6  Indloates  that  the  tube  fllanent  Toltage  equals  6.3  the 


nuaber  2  Is  used  for  a  tiibe  with  a  filament  voltag*  of  2  2.2  r, 

•to,).  Bie  letter  indioates  the  type  of  tubei  D—  diode,  Kh  —  dual 
diode,  Ts  -  kenotron  reotifier,  S  —  triode,  E  —  tetrode,  P  —  audio - 
frequenoy  power  pentodes ^add  beam  tetrodes,  Zh-  RF  pentodes  and  beam 
tetrodes  with  short  plate-grid  oharaoteristio  ourves,  K  —  RF  pentodes 
and  beam  tetrodes  of  the  variable-sni  type  (with  an  extended  set  of 
oharaoteristio  ourves),  and  A  —  frequenoy-conversion  tubes  (hexodes 
and  heptodes)  with  two  control  grids.  Where  several  types  of  tubes  are 
oombined  in  a  single  envelope,  the  designations  used  arei  0-  triode 
with  one  or  two  diodes,  B  —  pentode  with  one  or  two  diodes,  N  —  twin 
triode,  P  -  triode  with  pentode,  I  —  triode  with  multigrid  mixer 
(hexode  or  heptode),  and  E  —  timing  indioAtor. 

Ohe  second  number  in  the  designation  indioates  the  sequence 
number  of  the  given  type  of  tube,  and  the  final  letter  defines  the  ex¬ 
ternal  tube  construe tiont  S  -  glass,  L  —  glass  tube  with  external  awtal 
shell  with  lock  in  base  locating  pin,  P  -  miniature  (small*4>utton), 

A  —  subminiature  with  an  envelope  diameter  of  10-11  mm,  Zh  —  "acorn" 
type  tube,  and  D  —  lighthouse  tube.  *  Designations  for  tubes  in  metal 
envelopes  consist  of  three  elements,  with  no  final  letter.  Thus,  the 
6ZhlP  is  a  RF  pentode  with  a  short  characteristic  curve,  miniatuzm, 
with  a  filament  voltage  of  6.3  v,  and  the  12K4  is  an  RF  pentode,  rari- 
able-mu,  in  a  metal  shell,  with  a  12.6-v  filament  voltage. 

10-2.  ASnCTEONAL  OVEB  CHARACTTERZSTICS. 

In  addition  to  the  tube  oharaoteristios  that  have  been  discussed, 
the  possibility  of  application  of  a  tube  to  various  circuits  is  to  a 
large  degree  determined  by  several  other  propez*ties.  These  properties 
basically  detezvlne  the  nature  and  degree  of  influence  of  several 


*  Per  a  detailed  disoiwsion  of  "acorn"  and  lighthouse  tubes,  see 
Qhnpter  Twelve. 


PTOoesseB  ooourrlng  In  tubes. 

a)  Intereleotrode  Insulation.  In  the  description  of  the  passage  of 
current  throu|^  electron  ttd>es>  conductance  oiring  to  the  insulators 
aepamtlng  tube  electrodes  has  been  assuaed  to  be  zero;  it  has  also  been 
asstused  that  the  magnitude  of  the  Electrode  ctirrents  is  determined  sole¬ 
ly  by  the  electrostatic  fields  depending  upon  the  electrode  potentials, 
and  the  space  charge  filling  the  space  betireen  the  electrodes. 

In  practice,  in  addition  to  currents  carried  by  electrical  charges 
through  a  vacuum-filled  gap  between  electrodes  at  diffez^nt  potentials, 
there  also  exist  leakage  currents  appearing  owing  to  Insulation  laper- 
fections.  A  detezrLoratlon  in  the  propez>ties  of  insulators  utilizid  in 
receivlng-sqpllfylng  tubes  (glass,  mica,  and  oez>aaiOB)  is  caused  either 
by  the  presence  in  the  Insulators  of  various  conducting  ispurlties,  or 
by  the  formation  of  conducting  films  on  the  surface  of  the  insulators 
while  the  tube  is  being  processed  and  operated.  Such  films  may  be  formed 
by  particles  of  the  getter,  as  well  as  by  dust  particles  from  the  cathode 
and  other  heated  tube  elements. 


I 


Pig.  10-2.  Arranaement  of  getters 
in  reoelying-am>llfylng  tuWa. 


Ihe  appearance  of  leakage  currents  may  substantially  ljqi>air  the 
operation  of  a  vaouum-tube  circuit,  and  may  in  certain  cases  lead  to 
failure  of  the  tube.  Urns,  in  receiving -sj^plifying  tubes,  there  is 


deorvating  grid  tMqperatur*  and,  aeoond,  applying  a  aurfao*  ooatlng  to 
th»  grlda  that  will  prevent  a  drop  In  wexdc  funetlon  when  harita  fraia 
the  oathode  la  depoalted  on  the  grlda. 

In  order  to  deoreaae  the  operating  teiiq;>erature  of  control  gride, 
their  traveireee  are  frequently  nanufaotiired  of  copper  wire,  which  In- 
creaeea  the  aaount  of  heat  carried  off.  Carbonized  radlatore  are  welded 
to  the  end  of  the  grid  traveraea,  Inoreaalng  the  heat  carried  off  owing 
to  radiation  Into  space. 

Precious  nstals  (platlnun,  gold,  silver)  are  nomally  used  as 
protective  coatings.  The  best  of  these  Is  gold  which,  first.  Is  easily 
applied  to  a  wire  pulled  through  a  molten  drop  of  gold  In  a  protective 
atmosphere  suid,  second,  goes  Into  solution  with  free  barlioa,  which  re¬ 
sults,  as  It  were.  In  "poisoning'*  of  the  newly  forming  oxide  oathode. 

Qie  utilization  of  platinum  Is  ooBQ>lloated  for  technological  reasons, 
while  the  utilization  of  silver  should  be  avoided,  since  It  evaporates 
easily,  which  leads  to  a  deterioration  In  the  Interelectrode  Insulation. 

The  appearance  of  thexmdonlc  emission  as  a  result  of  Inoreaaed 
grid  tenperature  sometimes  la  caused  by  the  presence  of  lealcage  cxuvents 
between  the  grid  and  other  electrodes,  which  decreases  the  bias  on  the 
grid,  leading  to  an  Increase  In  the  power  dissipated  In  the  tube,  and 
to  additional  heating  up  of  the  grid. 

A  third  reason  for  the  appearance  of  lnvez*se  grid  ciuvent  Is  the 
Ion  current  that  occurs  when  the  vacuum  In  the  tube  Is  not  high  enough. 
The  causes  for  the  appearance  of  an  Ion  current  are  Insufficiently 
careful  outgasslng  of  pax*tB  during  evaeuation  of  the  tube,  and  a  peer- 
quality  getter. 

In  the  majority  of  reoelvlng-aupllfler  tubes,  the  total  Inveroe 
grid  current  should  not  ezoeed  0.3-3/Ua  under  wortdng  oondltiens,  and 
in  certain  tubes  0.1.^.2>ua,  to  Insure  nonal  operation  of  the  tabes  in 


narmlly  a  predeteralnad  magnitude  of  minimum  Insulation  reslatanos 
(or  mamlmam  leakage  current)  between  electrodes.  For  standard  types 
of  reoelvlng*4uq>llfylng  tubes,  the  Insulation  resistance  Is  on  the 
order  of  10®-10^°  ohms. 

In  order  to  provide  the  reqlilred  value  of  Insulation  resistance, 
several  designs  and  process  methods  are  employed,  ^e  getter  Is  so  lo¬ 
cated  that  particles  from  It  are  deposited  on  a  portion  of  the  envelope 
surface  where  there  are  no  electrode  leads,  and  so  that  they  do  not 
strike  mica  or  ceramic  Instilators  (Fig.  10-2). 

In  some  cases,  parts  of  a  tube  are  protected  against  getter  parti¬ 
cles  by  a  special  mica  shield.  Materials  chosen  for  use  In  manufactur¬ 
ing  tube  parts,  and  In  partlciilar  parts  operating  at  high  temperatures, 
should  have  a  low  rate  of  evaporation,  ^s  requirement  also  applies  to 
metals  utilized  for  coatings  on  tube  paz»ts.  Alkali  and  alkali -eaz*th 
metals  are  very  volatile.  Following,  In  oz>der  of  decreasing  rate  of 
eviq;>oratlon,  are  chromium,  silver,  aluminum,  copper,  and  gold.  i 

In  oMer  to  decrease  surface  conductance  appearing  as  a  result  i 

of  deposition  of  particles  on  the  surface  of  mica,  fozmlng  conducting 
films,  the  surface  of  mica  InsulatoznB  Is  coated  with  a  coarse  layer  of 
msgnealxim  oxide  (MsO)  or  alundum  (AlgO^).  Very  coarse  Insidatlng  coat¬ 
ings,  first.  Increase  the  length  of  the  electrical  path  between  elec¬ 
trodes  along  the  Insulation  and,  second,  make  a  poorer  contact  between 
the  particles  of  conducting  films.  Additional  apez*tures  are  sometimes 
out  out  In  order  to  provide  still  longer  leakage -current  paths  along 
Insulator  surfaces  between  openings  for  mounting  electrodes. 

In  tubes  with  Indirectly  heated  cathodes.  In  which  the  heater  Is 
Insulated  from  the  cathode  tube,  the  cathode -heater  resistance  Is  of 
great  Imwrtanoe.  In  ceirtain  circuits,  the  voltage  between  cathode  and 
heater  iMy  reach  hundreds  of  volts,  which  would  cease  considerable 


-  289  - 


leakjic*  ouxventB  Nhere  Insulation  was  poor.  The  haalo  oauaes  of 
deterioration  In  heater-cathode  Insulation  are^  first,  oontaalnatlon  of 
the  alundua  covering  the  heater  and,  second,  porousness  and  cracks  In 
the  alundua  ceatlng  Itself.  Since  the  heater  operates  at  quite  a  high 
temperature,  a  therBlonlo.«idsslon  oturrent  aay  an>ear,  which  In  the 
presenee  of  cracks  In  the  alundua  larer  will  flow  through  the  cathode- 
heater  circuit.  Possible  causes  of  increased  conduetanoe  In  an  aluadua 
layer  are  diffusion  of  tungsten  froa  the  base-layer  aetal  of  the  heater 
to  the  alundua  layer,  and  the  fozaatlon  of  alualnua  tungstate  as  a 
result  of  electrolysis  of  the  alundua. 

In  oez^aln  types  of  tubes  designed  for  operation  In  hl|^-voltago 
olroults  with  a  high  voltage  between  cathode  and  heater,  the  heaters 
are  not  coated  with  alundua,  but  are  located  within  channels  Inside  a 
eerodc  tube  which  Is  In  turn  lnsex*ted  within  the  cathode  tube.  Suoh 
tubes  Bsy  operate  with  cathode-heater  voltage  differences  aneuntlng  to 
several  thousand  volts. 

The  aagnltude  of  the  leakage  currents  between  cathode  and  heater 
In  the  majority  of  types  of  receiving -aivllfylng  tubes  does  not  exoeed 
20-50/1  a  with  cathode -heater  voltage  differences  on  the  order  of 
100-150  V. 

b)  Inveiuie  grid  currents.  When  saall  negative  potentials  are 
applied  to  a  grid,  a  small  electronic  current  Is  observed  to  flow  from 
the  cathode  to  the  grid  owing  to  the  Initial  velocities  of  the  electrons 
and  the  contact  potentials  between  grid  and  cathode.  At  a  specific  grid 
potential,  this  current  ceases,  since  the  energy  of  the  thezmal  elec¬ 
trons  proves  Inadequate  for  overcoming  the  retarding  field  of  the  grid. 
This  potential  Is  called  the  grid-current  cutoff  potential.  Its  value 
depends  upon  the  te^>erature  and  enlsslon  propez»tles  of  the  cathode, 
and  also  upon  tho  grid-cathode  contact  potential. 
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In  addition  to  the  eleotronlo  ourrent  from  oathode  to  grid  at 
negative  grid  potentlalej  in  the  aajority  of  tubes  there  is  a  ourrent 
In  the  reverse  dlreetlon  called  the  Inversa  grid  current.  Ohe  reasons 
for  the  appearance  of  lnvez*se  grid  current  are  themtlonlc  ealsslon 
froto  the  grld>  ionisation  of  residual  gases  in  the  tttbej,  and  l^pez^ec- 
tlens  in  the  insulation. 

Oontxs>l  grid  tesq;>eratures,  even  in  reoeiving-«aq>lif7lng  tubes 
delivering  heavy  power,  do*'not?exoeed  400-450®0.  At  such  teaperatures, 
the  therniohic  ealsslon  from  the  surfaces  of  pure  metals  is  so  small 
that  it  has  no  noticeable  effect  upon  tube  operation.  During  the 
operation  of  a  tube  with  an  oxide>-ooated  oathode,  however,  evaporation 
of  barium  and  its  oxides  from  the  oathode  takes  place.  As  a  result,  a 
layer  forms  on  the  grid  that  resembles  in  structure  the  surface  of  an 
oxide«4oated  oathode  (a  mixture  of  ptire  meteQlio  barium  with  barium 
oxide),  which  leads  to  a  considerable  drop  in  the  work  function  of  the 
grid  surface,  and  to  the  appearance  of  thermionic  emission. 

Ihe  appearance  of  thermionic  emission  from  the  grid  is  especially 
dangerous  when  a  tube  is  operated  in  oiirauits  that  have  a  high  resistance 
in  the  grid  circuit.  Ohermlonio •emission  current  flows  in  the  cathode- 
grid  and  plate-grid  oiz*ouit.  When  current  appears  in  the  grid  circuit, 
a  portion  of  the  voltage  applied  to  the  grid  appears  across  this  re¬ 
sistance  as  a  voltage  drop,  resulting  in  the  grid  becoming  mors  posi¬ 
tive.  Ihia  leads  to  an  increase  in  plats  current  and,  consequently, 
in  the  power  dissipated  on  the  plate,  and  to  a  rise  in  plate  temperature, 
which  in  turn  causes  additional  overheating  of  the  grid.  An  increase  in 
grid  temperature  produces  a  rise  in  grid  thermionio  emission.  Thus,  a 
snowballing  increase  in  plate  current  develops,  leading  to  oveAeatlng 
of  the  tube  and  to  tube  failure. 

Wqrs  of  decreasing  grid  thezmienio  emissien  are,  in  the  first  place, 
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OlTOtlltB. 

% 

c  )  Plate "OtLpr»nt  ontoff  voltage.  In  nany  vaouxau-tube  olroiilts, 
for  exanple>  In  eo-oalled  relaxation  oaolllatore  and  generators  of 
special  wave  foras^  the  plate -current  cutoff  voltage  (blocking  voltage) 
assuaws  great  lapox*tanoe.  As  has  been  said  previously^  the  theoretical 
value  of  cutoff  voltage  depends  solely  upon  the  penetrance  of  the  grids. 
In  practice^  the  absolute  value  of  cutoff  voltage  turns  out  to  be  larger, 
nie  reasons  for  this  are,  flrstj,  nonunifozed.ties  in  grid  spacing  and 
grid-cathode  separation^  shioh  aaounts  to  nonuniformity  in  the  value  of 
the  aaplifloatlon  factor  and,  second,  the  presence  of  cathode-plate 
leakage.  In  addition,  the  initial  velocities  of  electrons  have  a  con- 
si  dez«ble  effect  upon  the  value  of  cathode  ctirrent  on  the  initial  sec¬ 
tion  of  the  plate-grid  oxurve.  As  a  result,  the  initial  section  of  the 
curve  for  real  tubes  differs  noticeably  from  that  present  in  theoretical 
curves. 

Ohe  characteristic  deteradning  the  degree  of  deviation  of  the 
initial  section  of  the  curve  from  the  theoretical  curve  (lengthening 
of  the  "tall"  of  the  plate-grid  curve),  in  receiving -aaplifying  tubes 
Bay  be  either  the  Baxl.annn  pemlsslble  value  of  plate  current  at  a  given 
negative  grid  potential  (current  on  the  "tail"  of  the  characteristic), 
or  the  grid  voltage  at  which  the  plate  current  does  not  exceed  a  given 
value. 

d)  Internal  tube  noise.  Ihere  is  cdways  an  alternating  voltage 
cosponent  across  the  load  resistor  of  a  vacuum-tube  anplifler,  even 
in  the  absence  of  input  signal  and  even  where  theoretically  ptire  DC 
voltages  are  delivered  by  the  power  supply.  Ihe  causes  for  the  appear¬ 
ance  of  this  alternating  component  are  random  (fluctuating)  variations 
in  the  currents  flowing  through  the  resistors  and  tubes  of  the  asq;>lifier, 
called  noise.  Mhen  a  weak  signal  is  applied  to  the  input  of  an  aivlifler. 
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the  alternating  oonponent  aoroee  the  load,  obtained  as  a  reatilt  of 
amplifying  the  signal,  may  prove  to  be  on  the  sane  order  as  the  random 
voltage  fluetnatlona.  In  this  ease,  the  amplified  algnal  may  be  dli- 
torted  or  even  "drowned  out, " 

Qhe  nattire  of  the  fluetuatlng  current  changes  In  resistances  amd 
tubes  Is  associated  with  the  possibility  of  random  ohsnges  In  the 
velocities  and  directions  of  motion  of  the  ctirrent  carrlezo  —  the 
electrons.  In  resistances,  the  random  motion  of  electrons  owing  to 
their  own  velocities  Is  superimposed  upon  the  direction  of  electron 
motion  effected  by  the  eleotrlc  field.  As  a  result,  at  each  Instant 
of  time,  the  concentration  of  electrons  In  Individual  volume  elements 
of  the  resistor  will  be  different,  which  leads  to  the  appearance  of 
equalizing  ctumnts  between  these  elements,  ^e  sxqperposltlon  of  the 
equalizing  currents  tqpon  the  current  created  by  the  applied  potential 
difference  leads  to  the  appearance  of  fluotuatlons  In  the  total  current 
throu^  the  resistance.  The  oizrrent  fluctuations  create  an  alternating 
voltage  drop  —  a  noise  voltage  —  aoress  reslstanoes. 

Investigation  of  resistance  noise  has  shown  that  noise  voltage  may 
be  resolved  Into  a  series  of  sinusoidal  harmonic  components,  covering 
the  frequency  spectrum  from  the  low  audio  to  the  super-high,  and  the 
amplitude  of  all  harmonics  are  shout  the  sum.  The  theory  gives  the 
following  em>resslon  for  the  mmKn-mfrmv  noise  veltsge  In  a  given  fre- 
qnenoy  bandhf  t 

(10-1) 

where  T  Is  the  temperature  of  the  rsslstanee,  R  Ih  the  Bias  of  the 
reslstanoe,  ohmsi  k  is  the  Bsltameisi  oonsteat. 


*  -  ^ainoii  “  \olse*  ^ 
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In  electron  tubes,  the  appearance  of  noise  Is  primarily  associated 


with  so-called  shot  noise,  which  Is  essentially  explained  by  the  fact 
that  the  number  of  electrons  emitted  by  a  cathode,  and  their  Initial 
velocities,  are  different  at  different  Instants  of  time.  IvTien  a  tube  Is 
operated  at  saturation,  the  plate -current  fluctuations  duplicate  the 
cathode -emission  current  fluctuations.  The  majority  of  tubes,  however, 
operate  under  space -charge -limited-current  conditions.  The  presence  of 
the  space  charge  near  the  cathode  attenuates  the  effects  of  emission- 
current  fluctuations,  and  the  magnitude  of  the  noise  drops  considerably. 

Of  the  electron  tubes  with  grids,  trlodes  have  the  least  noise; 
the  appearance  of  noise  In  trlodes  Is  chiefly  determined  by  the  weakened 
shot  noise.  Additional  noise  sources  In  multigrid  tubes  are  the  Instabll 
Ity  of  secondary  emission  from  tube  electrodes,  and  fluctuations  In 
current  distribution  associated  with  the  fact  that  the  directions  of 
the  velocities  of  individual  groups  of  electrons  are  not  constant  with 
time. 

Where  the  vacuum  in  a  tube  Is  not  high  enoxigh,  an  additional  noise 
component  Is  created  owing  to  ionization  of  residual  gas.  The  elec¬ 
trons  appearing  during  ionization  flow  to  the  plate,  increasing  the 
plate  current.  Positive  ions,  moving  toward  the  cathode  fall  Into  the 
space -charge  region,  and  partially  neutralize  the  space  charge.  The 
Instant  the  ions  arrive  in  the  space-chai^e  region,  the  potential  of 
this  section  of  the  space  rises  sharply,  and  there  Is  a  corresponding 
Increase  In  the  current  from  the  cathode  to  this  area.  The  magnitude 
of  the  noise  appearing  upon  deterioration  of  the  vacuum  In  a  tube  is 
the  larger,  the  larger  the  ion  ciirrent. 

All  of  the  factors  enumerated  above  create  noise  that  may  be 
resolved  into  a  series  of  harmonic  coiiq>onen#B  covering  approximately 
the  same  frequency  spectnm  as  does  resistance  noise.  Additional 
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that  the  nusiber  of  eleotrone  enltted  by  a  cathode^  and  their  initial 
velocities,  are  different  at  different  Instants  of  tine.  When  a  tube  Is 
operated  at  saturation,  the  plate -current  fluctuations  duplicate  the 
cathode •^nleslon  current  fluctuations.  Ihe  najorlty  of  tubes,  however, 
opente  under  space -charge -llnlted-oxirrent  conditions.  The  presence  of  - 
the  space  charge  near  the  cathode  attenuates  the  effects  of  enlsslon- 
ourrent  fluctuations,  and  the  magnitude  of  the  noiite  drops  considerably. 

Of  the  electron  tubes  with  grids,  trlodes  have  the  least  noise; 
the  appearance  of  noise  In  trlodes  Is  chiefly  detenslned  by  the  weakened  \ 
shot  noise.  Additional  noise  sources  In  nultlgrld  tubes  are  the  Instabil¬ 
ity  of  secondary  endLsslon  from  tube  electrodes,  and  fluctuations  In 
otirrent  distribution  associated  with  the  fact  that  the  directions  of 
the  velocities  of  Individual  groups  of  electrons  are  not  constant  with 
time. 

Where  the  vacuum  In  a  tube  Is  not  high  enough,  an  additional  noise 
ooiq;>onent  Is  created  owing  to  Ionization  of  residual  gas.  Ihe  eleo^ 
trons  appearing  during  Ionization  flow  to  the  plate.  Increasing  the 
plate  current.  Positive  Ions,  moving  toward  the  cathode  fall  Into  the 
space -charge  region,  and  partially  neutrllze  the  space  charge,  nie 
Instant  the  Ions  arrive  In  the  space -charge  region,  the  potential  of 
this  section  of  the  space  irises  sharply,  and  there  Is  a  corresponding 
Increase  In  the  current  from  the  cathode  to  this  area,  nia  magnitude 
of  the  noise  appearing  upon  deterioration  of  the  vacuum  In  a  tube  Is 
the  larger,  the  larger  the  Ion  ouirrent. 

All  of  the  factors  enumerated  above  create  noise  that  may  be 
resolved  Into  a  series  of  haxmonlo  oo^ionents  covering  approximately 
the  same  freq^noy  spectrum  as  does  resistance  noise.  Additional 


nolBe  la  created  as  a  reault  of  the  so-called  flicker  effect  which  con¬ 
sists  of  a  continuous  change  in  the  activity  of  Individual  sections  of 
the  cathode^  with  a  oorresponding  change  in  the  ealsslon  from  the 
sections.  In  contrast  to  all  of  the  factors  enumerated  previously  that 
are  responsible  for  the  appearance  of  nolse^  the  flicker  effect  creates 
fluctuations  only  at  low  frequency.  Bie  level  of  the  low  fi^equenoy 
noise  appearing  as  a  result  of  the  flicker  effect  depends  basically 
upon  the  quality  of  cathode  treatment  during  production. 

In  order  to  evaluate  the  noise  level  of  a  tube.  It  Is  possible  to 
replace  the  "noisy”  tube  with  an  equivalent  Imaginary  "noiseless"  tube 
having  a  resistance  connected  Into  the  grid  oliroult,  the  noise  voltage  4 
across  which  creates  the  same  plate  •current  fluctxiatlons  In  the  tube. 
Svidently,  the  greater  the  noise  level  in  the  tube,  the  greater  the 
value  of  the  equivalent  grid  noise  resistanoe. 

Thb  equivalent  noise  reAlstanoe  nay  be  calculated  from  the  follow¬ 
ing  approxiaate  foxvilast 


for  triodes  and 


,  (  koh)n)  • 


(10-a)  t 


(10-3) 


for  pentodes.  In  both  foxaulas,  S  is  the  transeonduotanoe  of  the  tube 
in  na/v. 

OSie  value  found  for  the  eqaivalent  noise  resistanoe  oorreaponds 
to  the  value  of  effective  noise  voltage  determined  from  foxaula  (lO-l), 
on  the  basis  of  which  it  is  possible  to  determine  the  ainiana  per- 
nissible  value  of  signal  veltags.  In  order  te  keep  tube  noise  from 


*  a.h  **  %.  ah  **  ^krivalentnyy  shun  **  ^ise  equivalent*  ^ 
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drowning  out  the  aiipllfled  signal,  the  signal  voltage  at  the  lxq;>ut  of 
the  tube  should  be  considerably  greater  than  the  noise  voltage.  Conse¬ 
quently,  the  relative  Influence  of  noise  Is  decreased  as  the  tube 
transconductanoe  rises,  and  at  a  high  transconductance.  It  Is  possible 
to  \iBe  low  signal  voltage,  or  a  wide  aapllfler  frequency  range. 

e)  Mechanical  strength  and  stability  of  tubes.  During  operation  of 
a  tube.  It  Is  possible  to  test  for  mechanical  effects  of  various  types t 
shocks,  vibration,  shaking,  etc.  Ihese  may  adversely  affect  the  strength 
of  mountings  for  pairts  of  the  tubes,  and  the  snitual  location  of  tube 
parts.  In  addition,  during  the  application  of  loads,  elastic  defonsa- 
tlons  and  oscillation  of  pazK:s  may  occur,  causing  a  change  In  tube 
charac terls tic s. 

Of  the  types  of  mechanical  effects  upon  tubes  enumerated,  vibra¬ 
tion  Is  one  of  the  most  frequently  encountered.  During  oscillation  of 
tube  parts  caused  by  vibrations,  contlnuotus  changes  In  tube  character-  ^ 
Istlcs  occur,  owing  to  which  an  JIC  component  will  appear  In  the  plate 
circuit,  causing  an  alternating  voltage  drop  across  the  plate  load, 
called  a  vlb]?atlon-nolae  voltage.  Mechanical  oscillations  of  the  con¬ 
trol  grid  and  cathode  have  the  greatest  effect  upon  the  magnitude  of 
vibration  noise;  thus.  In  vibration-resistant  tubes,. special  atten¬ 
tion  should  be  paid  to  the  moxintlng  of  these  elements. 

The  characteristic  normally  given  as  a  measure  of  tube  vlbi*atlon 
resistance  Is  the  magnitude  of  the  vlbratlon-nolse  voltage  arising  with 
a  given  load  resistance  In  the  plate  circuit  under  vibration  conditions. 
!Bie  vibration  endurance  of  tubes  Is  characterised  by  the  changes  In 
their  characteidstlos  that  talw  place  as  a  restilt  of  a  rather  extended 
period  of  vibration;  here,  after  being  subjected  to  extended  vibration, 
the  tube  Is  laeasured  for  Ita  basic  static  characteristics  and  vlbraM.en- 
neiae  veltage. 


!Ihe  endupanoft  of  tubos  when  Bubjeoted  to  other  types  of  iMohanloal 
action  (shockB,  shaking)  is  also  characterized  by  the  change  in  tTibe 
characteristics  caused  by  the  mechanical  action. 

Ihe  mechanical  strength  of  tubes  depends  in  large  measure  on  the 
asseiBbly  methods  used.  In  manufacturing  tubes  of  increaaed  strength^ 
especial  attention  should  be  devoted  to  the  ({uality  of  part  welding^ 
the  treatment  of  the  glass^  the  strength  of  connections  between  the 
parts^  etc. 

f )  Climatic  endtirance  of  receiving -emplifyii^  tubes.  The  basic 
climatic  factors  capable  of  affecting  the  operation  of  tubes  are 
teagmrattire^  ambient  humidity^  and  atmospheric  pressure. 

An  increase  in  aadt>ient  temperattire  increases  envelope  tempezeiture^ 
resulting  in  a  certain  increase  in  t«qpsrature  oi  tube  parts  (plates^ 
cathodes^  etc.).  When  this  happens^  there  may  be  etn  Increase  in  the 
liberation  of  gases  from  the  glass  and  other  parts^  which  in  turn  may 
impair  the  vacuum  in  the  tube  and  cause  it  to  fail.  In  additon,  where 
there  are  sharp  temperature  variations  (thexmal  shook)  ^  the  glass  of 
the  envelope  and  mount  may  be  fractured. 

A  considerable  increase  in  ambient  humidity  may  cause  the  appear¬ 
ance  of  leakage  currents  on  the  outer  surface  of  mounts  and  bases. 

In  addition^  where  tubes  auid  bases  remain  for  extended  periods  of  time 
under  high«humldity  conditions «  the  strength  of  the  bond  between  the 
base  and  tube  envelope  may  be  destroyed. 

It  is  also  necessary  to  allow  for  the  possibility  of  operation  of 
tubes  \inder  conditions  of  sharply  decreased  atmoqpheric  pressure  (for 
example^  at  altitudes  high  above  sea  level).  At  lowered  pzmssure, 
cooling  of  envelopes  owing  to  air  convection  is  impaired,  which  is 
equivalent  to  oj>erating  the  tubes  at  an  elevated  temperature.  In  addi- 
tlon«  under  considerably  lower  pressures,  there  Is  a  possibility  of 


dlBoharK«s  between  esjpeMd  portlone  of  tube  leads  to  irtiloh  ht|^  velt- 

■0es  are  applied. 

Qbe  ollaatlo  realatanoe  of  tubes  depends  basically  upon  the  tech¬ 
niques  tised  In  sanufacturlng  them. 

g)  Pibe  lifetime.  Pie  lifetime  or  useful  Bez*vloe  life  of  tubes  la 
the  name  given  to  the  period  of  time  (normally  meaaured  In  hours)  of 
tube  operation  during  which  the  basic  characteristics  for  the  given 
type  of  tube  do  not  change  by  boi«  than  a  predetermined  value^  so  that 
norsmd  tube  operation  In  circuits  Is  provided  for. 

These  basic  parameters  idiloh  may  be  used  to  Judge  the  serviceabil¬ 
ity  of  tubes  aret  for  diodes  »  the  Internal  resistance;  for  voltage 
aspllflers  —  the  transconduotanoe;  for  output  tubes  operating  In  power- 
amplification  circuits  —  the  output  power;  for  frequenoy-convenlon 
tubes  —  the  conversion  transconduotanoe.  In  addition^  for  many  types 
of  recelvlng-aaqi>llfylng  tubes«  the  Inverse  grid  current  may  be  used  as 
a  quantity  determining  the  serviceability  of  tubes. 

The  necessary  tube  life  Is  determined  by  the  function  of  the  de¬ 
vices  In  which  the  tubes  are  utilized.  For  the  majority  of  common 
types  of  receiving -amplifying  tubeB>  the  guaranteed  tube  life  Is  500- 
1000  hr.  Oertaln  types  of  tubes,  operating  In  so-oalled  one-shot  devices, 
have  lives  measured  In  dozens  of  hours.  On  the  other  hand,  such  radio 
equipment  demands  tubes  with  lifetimes  on  the  order  of  5000  -  10,000  hr. 
(long-distance  telephony,  radio-relay  links,  while  ampUflera  In-  ^ 

stalled  In  submarine  cables  require  tube  lives  of  up  to  100,000  hr). 

The  faetors  catislng  tubes  to  fall  as  a  result  of  extended  operation 
may  be  classified  into  two  basic  groiqpa.  The  first  group  Includes 
mechanical  damage  to  tube  parts.  Here  we  have  burhlng  out  of  cathodes 
and  heaters,  failure  of  bonds  between  tube  parts  and  leads,  abort  clr- 
suiting  of  elootrodos  eausod  by  electrode  dofoxaatlon,  or  by  foreign 


oonduotlng  particles  getting  between  eleotrodee  (for  exaaqple^  t^on 
omoebling  of  the  oxide  layer  of  the  oathede  or  getter) «  oraoks  In 
the  envelope  or  nount  of  a  tube. 

nie  eeoond  group  Inoludee  changee  In  tube  eleotrloal  properties 
leading  to  a  deterioration  In  oharaoterletloa.  Qlhie  majority  of  tube 
eleotrloal  oharaoterletlce  are  oonneoted'wlth  oathode  eadaelon  proper¬ 
ties.  During  operation  of  tubes^  oathode  emission  propezM;les  deteriorate 
as  a  result  of  several  physical  prooesses  affecting  the  oonoentratlon  of 
free  barium  In  the  oxide  layer.  Such  prooesses  may  be  evaporation  of  the 
barlim;  oxidation  of  barium  by  gases  liberated  during  tube  operation  as 
a  result  of  deooaposltlon  of  oxides  tuid  other  ohemloal  oonqpounds  present 
on  the  stirfaoes  of  tube  parts;  the  effect  of  secondary  emission  from 
tube  Insulators;  prooesses  In  the  oxide  layer  and  on  the  base  layer 
that  may  lead  to  the  formation  of  a  barrier  layer  on  the  base-layer  -* 
ezide  Interface. 

ihe  second  factor  causing  a  deterioration  of  tube  oharaoterl sties 
Is  the  change  In  contact  potential  between  the  control  grid  and  oathode 
of  the  tube>  occurring  as  a  result  of  a  change  In  the  work  function  of 
the  grid  surface.  The  change  In  contact  potential  may  take  place  so  as 
to  produce  either  cm  Increase  or  a  decrease.  If  during  operation  of  a 
tube^  the  grid  surface  Is  activated  owing  to  deposition  of  active  ma- 
terlls  from  the  cathode^  the  woz4c  function  will  decrease^  and  the  plate- 
grid  characteristic  curve  will  be  shifted  to  the  left.  At  the  same  tivm, 
the  converse  process  say  occur  —  deactivation  —  l.e. ,  an  Increase  In 
grid  work  function  owing  to  poisoning  of  the  active  layer  on  the  grid 
by  the  oxygen  evolving  from  hot  tube  parts,  and  owing  to  evaporation  of 
this  active  layer  from  the  grid.  As  a  result,  the  contact  potential  may 
Shax:«e  over  a  S-3  v  range,  and  the  tube  oharaeterlstlo  curve  may  be  ^ 
shifted  within  the  same  limits. 

Jhetoni  leading  to  tube  failure  Include  a  gradual  deterioration 
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in  th«  renlatano*  of  intorelootrodo  instiliLtlon  owing  to  the  deposition 
of  oonduoting  films  upon  insulators j,  and  also  a  drop  in  the  insxilating 
<]ualitieB  of  the  alundum  coating  of  the  heater,  ooourring  as  a  result 
of  physical -ohesdoal  processes  in  the  alundum,  and  on  the  heater  hase- 
layer  alundum  inteirfaoe.  Dex>eBition  of  active  materials  T^ion  the  grid 
may  lead  to  the  appearance  of  Inverse  grid  current  owing  to  themdonlo 
eadssion. 

The  factors  enumezsited  lead,  aa  a  rule,  to  a  slow,  gradual  change 
in  tube  characteristics.  In  addition,  tubes  may  fail  owing  to  accidental 
factors  associated  In  most  cases  with  defects  in  manufacturing  processes 
for  individual  tubes.  Such  tubes  normally  fail  in  the  first  few  desen 
hotirs  of  operation. 

Since  tube  life  depends  upon  a  large  number  of  different  factors, 
the  effect  of  which  may  not  be  the  same  for  all  specimens  of  a  single 
type  of  tube,  in  practice,  the  life  of  Individual  tubes  may  differ 
sharply.  Thus,  the  guaranteed  tube  life  refers  not  to  any  specific 
tube  of  a  given  type,  but  to  the  majority  of  tubes  from  a  manufactured 
lot.  Ihe  number  of  tubes  whose  life  proves  to  be  not  less  than  the 
warranted  life,  expressed  as  a  percentage  of  the  total  number  of  tubes 
in  a  given  batch,  is  called  the  tube  reliability,  for  example,  if  of 
1000  tubes  of  a  given  type  no  fewer  than  900  have  the  predetermined 
life,  the  reliability  is  90  pereent. 

Of  the  total  modier  of  tubes  having  a  predetermined  lifetime,  a 
large  number  may  opermte  beyond  the  warranted  time.  An  increase  in 
the  period  of  time  that  tubes  are  operated  corresponds,  for  a  given 
type  of  tube,  to  a  decrease  in  reliability. 

BQLgh  tube  reliability  is  especially  important  where  the  tubes 
are  utilised  in  devices  containing  a  large  number  of  tubes  (up  to 
several  thousanfl  in  os^puters)  and  in  devices  idiere  it  is  difficult 
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or  ijQMMlble  to  roplaoo  tuboa  that  haro  falX«d.  niua,  tubos  aro  pro- 
duood  for  auoh  deyioos  having  roliahllltlOB  oloao  to  100  per  oont  (98 
and  99 >8  per  oent).  High  tube  reliability  Is  basloally  aohleved  as  a 
result  of  careful  qtiallty  control  of  the  starting  materlala  and  of  the 
tube*4Banufaoturlng  pvoomMn,  and  by  testing  these  tubes  under  conditions 
Bore  rigorous  than  those  xmder  which  they  are  to  be  used. 

10-3.  STRUCTURAL  FEATURES  OP  RECEIVINa-AMPLrFYlNa  TUBES. 

The  natiire  and  structural  features  of  any  type  of  reoelvlng- 
aaq;>llfylng  tubes  are  determined  basically  by  the  following  factors  t 
1)  the  sMtxliinatt  permissible  Intereleotrode  voltages;  2)  the  woz^dng 
frequencies  and  band  vrldth;  3)  the  power  developed  on  the  electrodes 
of  each  tube;  4)  the  method  of  connecting  the  tube  Into  a  oirotilt; 

5)  the  requirements  for  meahanloal  strength  and  stability  for  the 
tubesj  as  well  as  the  climatic  conditions  xmder  which  they  are  to  be 
used;  6)  the  specifications  for  tube  life  and  reliability. 

Another  problem  Is  the  question  of  the  desirability  of  coidblnlng 
two  or  more  tubes  In  a  single  envelope. 

Let  us  consider  the  basic  structural  features  associated  with 
meeting  the  ttibe  specifications  enumerated. 

An  Increase  In  Interelectrode  voltages  makes  It  necessary  to  take 
special  measures  to  prevent  Intereleotrode  sparklxig  along  Instigation, 
and  for  decreasing  leakage  currents.  !Ihe  majority  of  receiving -aaq)!!- 
fylng  tube  types  operate  at  Intereleotrode  voltages  not  exceeding  300- 
300  V.  At  such  voltages,  all  electrodes  of  a  tube  may  be  mounted  on 
common  mica  lnsulatoz*s,  and  the  leads  of  the  electrodes  may  be  placed 
In  a  ooHBon  mount.  The  electrode  leads  between  which  the  maxlmiM  voltage 
Is  applied  should  be  located  as  far  ^part  as  possible  within  the  limits 
of  the  mount  dimensions. 
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Pig.  XO— 3*  ScMQ>l9S  of  high*' 
voltag»-r*otlfi*p  oomtimotlon. 

An  exception  le  foneed  by  loiTHpower  hlgh-^voltage' tubes,  where 
the  Inverse  voltage  may  reach  tena  of  thousands  of  volts.  With  such 
rectifiers,  the  plate  and  cathode  leads  are  normally  located  in  separ¬ 
ate  tube  mounts,  or  the  plate  lead  is  soldered  directly  into  a  cap  on 
the  envelope  (MLg.  10-3).  Ihe  assombly  of  high-voltage  rectifiers  on 
mica  insulators  common  to  plate  and  cathode  should  be  avoided.  High- 
voltage  rectifiers  are  always  made  in  single -plate  form,  since  when 
the  rectifiers  are  used  in  a  full-^rave  circuit,  large  potential 
differences  appear  between  the  plates,  which  makes  it  difficult  to 
insulate  the  plates  from  each  other. 

Ihere  are  substantial  structural  differences  in  tubes  designed 
to  work  in  radio  frequency  amplification  and  conversion  circuits  (at 
frequencies  of  up  to  dozens  of  megacycles.  Pentodes  are  the  most 
common  RF  amplifier  tubes).  Such  pentodes  shoxQd  have  small  Interelec¬ 
trode  capacitances.  The  liq^ut  capacitance  of  a  pentode  is  the  capaci¬ 
tance  between  the  control  grid  and  the  electrodes  on  which,  under  woz4c- 
Ing  conditions,  there  are  no  RF  varying  voltages,  i.e. ,  the  cathodo  and 
the  aoreen  and  suppressor  grids,  which  in  measurement  are  shorted  to- 
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Cftthar.  OSie  output  oap«oltano«  Is  the  oapaoltanoe  of  the  plate  iflth 
reepeot  to  the  cathode,  soreen,  and  auppreeeor  grids,  Interoonneoted. 

Ihe  transfer  oapaoltanoe  Is  Bsasured  between  plate  and  control  grid 

\ 

with  the  remaining  eleotrodee  grounded. 

A  considerable  decrease  in  transfer  capacitance  ia  provided  by 
the  utilization  of  very  fine  screen  grids  which  provide  strong  shield-  ' 
ing  of  the  plate  from  the  control  grid,  nie  soreen^^rid  fill  factor 
for  the  majority  of  RF  pentodes  is  on  the  order  of  0.13*^* 20.  In 
addition,  in  RF  pentodes,  it  is  necessary  to  utilize  special  shielding 
of  paz^s  associated  with  the  control  grid  from  parts  associated  with 
the  plate,  since  the  value  of  transfer  capacitance  to  a  large  degree 
depends  upon  the  capacitance  between  the  plate  and  contz>ol-grid  leads. 

In  certain  cases,  the  plate  and  control -grid  leads  are  azrranged  in 
this  fashion t  the  plate  lead  goes  through  the  base  mount,  and  ths  grtLd 
lead  through  a  cap,  or  vice  versa.  ^ 

Internal  shielding  is  acoosplished  with  the  aid  of  shields  connect¬ 
ed  to  the  suppressor  or  screen  gzrLd.  The  shipe  of  the  shield  is  so  chosen 
as  to  shield  leads  from  each  other,  as  well  as  to  shield  leads  from  the 
electrodes  themselves  (Fig.  10-4).  In  the  case  of  single •^ase  tubes, 
in  which  the  control  grid  and  plate  are  led  out  through  a  single  mount, 
special  shielding  of  the  tube  mount  and  base  is  required. 

With  good  internal  shielding,  the  value  of  the  transfer  capacitance 
is  determined  basically  by  the  penetrance  of  the  screen  and  suppressor 
grids.  With  sufficiently  fine  screen  grids,  the  transfer  capacitance  may 
be  dropped  to  values  on  the  ozHler  of  thousandths  of  a  mioremiorofarad, 
and  in  any  case  should  not  exceed  0.03^f. 

Similar  measures  are  taken  to  decrease  transfer  capacitances  in 
RF  mixers  and  oonvez>ters. 

The  need  for  utilizing  fine  screen  grids  leads  to  a  decrease  in 
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L«ld  eonatruotlon. 


Klc*  10-4.  BuuqpltB  of  Intonud- 
■hii 


tho  ourront-dlutrlbutlon  fftotor  for  RP  tubes.  ImnoBt'RF  pentodes,  ' 

the  ourrent-dietrllitttion  faotor  (ratio  of  the  ourrent  to  aoreen-iSrld 
ourrent)  has  values  ranging  froas  2.3  to  4. 

A  speolal  group  of  HP  tubes  Is  forsusd  by  tubes  used  In  broadband 
anpllflei^  operating  with  aspllfled-frequenoy  band  widths  on  the  order 
of  several  negaoyoles.  Suoh  aapllflers  are  widely  utilised  In  television^ 
radar,  nultlohiuanel  telephony,  eto. 

The  theoz7  of  broadband  asipllflers  gives  the  following  relationship 
between  the  product  of  the  stage  gain  K  and  the  aapllfled  band  width 
and  the  paraaetere  of  the  aaqallfler  tubei 


(10-4) 


This  Is  called  the  galn4Muidwldth  product.  From,  this  relationship  It 
Is  clear  that  the  galn4>andwldth  product  depends  solely  \q;>on  the  trans- 
condnotanoe  of  the  amplifier  tube  and  the  Intereleotxwde  capaoltanoes. 


*  t^Ssakc  “  ^SmIcs  **  *iilfSl»aT  »nyy 
®Bx  “  *vkh  "  ^vldiodoy  “  ®lrjput 


®Bwx  *  ^yyldx  "  ^rykhodnoy  “  ^output*  ^ 
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and  iB  not  oonneoted  with  the  reslBtanoe  of  the  load  on  the  Btage. 
Evidently^  the  higher  the  galn-4>andwldth  product^  the  aore  gain  nay  he 
obtained  at  a  given  bandwidth.  Ck>nBequently«  tubea  deelgned  to  operate 
In  wideband  anqpllflerB  Bhotild  have  the  maxlniun  poBBlble  ratio  of  trana- 
oondttotanoe  to  the  Bttm  of  the  Input  and  output  oapaoltanoea. 

Ihe  Beoond  major  factor  deteznlnlng  the  aultablllty  of  tubea  for 
utilization  In  wideband  aaqpllfloatlon  la  the  magnitude  of  the  tube 
internal  nolae.  " 

With  a  wide  band  of  anpllfled  frequenolea,  the  value  of  the  nolae 
voltage  rlsea.  OhuB,  tubes  for  wideband  aaplifloatlon  should  have  a 
relatively  low  noise  level. 

Finally^  tubes  for  wideband  a^^Uflers  should  have  a  very  linear 
working  section  of  the  plate-grid  characteristic  curve,  since  nonlinear 
distortions  of  the  ai^llfled  signal  will  create  harmonic  ooiq>onenta 
covering  the  entire  band  of  frequencies  amplified. 

In  order  to  Increase  the  galn-^andwldth  product  and  decrease  the 
Intemal-nolse  level.  It  Is  primarily  necessary  to  Increase  tube  trans- 
conductance  without  Increasing  the  size  of  the  electrodes  substantially. 
This  may  be  done  by  moving  the  grid  closer  to  the  cathode  and  by  creat¬ 
ing  designs  that  make  better  utilization  of  the  cathode  surface.  Move¬ 
ment  of  the  grid  closer  to  the  cathode  Is  associated  with  a  simultane- 
ouB  decrease  In  spacing  and  diameter  or  the  grid  turns.  A  decrease  In 
these  quantities  Is  limited  by  considerations  of  the  manufacturing 
technology  for  the  grids  and  for  assembly  of  tubes.  Tube  production 
technology  available  in  practice  presently  makes  It  possible  to  obtain 
a  minimum  grid-cathode  spacing  on  the  order  of  30yu.with  a  grid-turns 
wire  diasMter  on  the  order  of  6-^.  Ihproved  utilization  of  the  cathode 
surface  is  achieved  by  the  utilization  of  flat  (or  nearly  flat)  grid- 
cathode  systeHi,  or  of  systmu  with  coMpresaed  grids. 
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TABLE  10-1* 


Ma*«- 

aMnH 


6;K4 

6n9 


®|6)KIB( 

®|6xini 

Q!6;KBn< 

Oj635n( 


9 


Acani 


a> 

Tm  mmiu 


S 

JM/a 


w 


"IT 

5 


ihICOKOiaCTOTHUA  IWNTOA 
SwCOKOaaCTOTHMft  neHTOA 
iua  ycHMMa  momuioctn 
■  mapoKonojiocNtiz  yer 
jNTezu 

^BOpXMHHHaTlopmil  BUCO* 
BOBBCTOTBItA  lIBBTOA 
iBJIkBRBOBMt  BUCOROBBC* 
TOTHUl  nBBTOA 
laXhBBKOBWl  BMCOKOaaC- 
totuuA  nearoii 
lajbaaaoBMl  BWoaoaac* 
TOTBUt  TBTPOA 
laaBaaaoaul  BUeoaoaac* 

TOfBMl  rpBBA 


9.0 

11.7 


4.8 

5.2 

17.5 

30.5 

19.6 


11.0 

13.0 


4.8 

4.35 

8.0 

16,0 

6.4 


5.0 

7.5 


3V8 

2,45 

3.0 

2,56 

1,58 


0,56 

0.57 


0,56 

0,76 

1.69 

1.73 

2.^5 


1^. 

^*.m 


1800 

1800 

350 

350 

200 


1)  Tube  deeigimtien;  2)  type  of  tube; 

I]  8,  wi/v;  4)  0^^;  5)  6)  S/(0^.+ 

+  7)  R,.  8)  6zh4  C6AC7]; 

9)  6P9  [6A(rrl;*10)  6ZhlB  [RHOK]; 

II)  6ZhlP  [6AK5];  12)  6Zh9P;  13)  6E5P; 

14)  6S3P;  15)  RR  pentode;  16)  HP  pentode 
for  power  aapllfloatlon  In  wideband 
•jqpllfieznB;  17)  aubnlnlature  RF  pentode; 

18)  alnlature  RP  pentode;  19)  alnlature 
RP  pentode;  20)  adnlature  RP  tetrode; 

21)  alnlature  RP  trlode. 

It  1b  poBBlble  to  obtain  a  linear  woz4d.ng  section  on  the  plate- 
grid  oharaoterlstlc  ourve  by  shifting  the  dirve  slightly  to  the  left, 
whloh  oorresponds  to  an  Increase  In  current  and,  oonse<iuently,  of 
power  dissipated  at  the  plate,  and  In  the  case  of  tetredes  and  pentedea 
on  the  screen  grid. 

Table  10-1  gives  the  basic  characteristics  of  several  oedem 
tubes  utilized  for  broadband  amplification. 

Tabes  for  low-frequency  voltage  aopllfioatlon  are  considerably 
simpler  In  construction;  they  require  no  aeasures  for  Internal  shield¬ 
ing*  nis  asst  oemMn  types  ef  tabe  for  audio -^reqaensy  voltage  ogUfl- 


eatlon  av*  nedlim-  and  hlgh-iou  trlodas  and  aadlo-fracnianoy  pentodes. 

^Ibe  advantage  lying  vd.th  pentodes  that  makes  It  possible  to  obtain 
hli^er  per~0tage  roltage  gain  la  balanced  by  the  lover  nonlinear  dla- 
tez^lon  available  when  trlodee  are  med. 

Pentodes  and  bean-power  tetrodes  are  acre  oomonly  utilized  In 
audio -frequenoy  power-a]q;>llPloatlon  oiroults.  Ihe  basic  requirsnent 
applicable  to  such  tubes  Is  that  they  deliver  a  naxlsMiii  SBonnt  of 
power  with  jalnlmm  distortion  of  the  anpllfled  voltages. 

In  order  to  oeet  these  requlreaents,  audio  •frequency  tetrodes  and 
pentodes  should  have  a  plate-grid  characteristic  cttrve  shifted  to  the 
left  by  a  large  aaount,  a  high  transoonductanoeji  and  a  rather  linear 
section  of  the  oxunre  In  the  working  range  of  control-grid  voltages, 
flhlftlng  the  curve  to  the  left  aakes  It  possible  to  obtain  a  high- 
amplitude  AC  plate -current  conponent  where  the  aapllfler  la  operated 
without  plate-current  cutoff.  It  Is  undesirable,  however,  to  obtain  a 
"left"  characteristic  as  a  result  of  Increasing  the  screen-grid  voltage, 
since  In  this  case  It  Is  necessary  to  Increase  the  plate  voltage  as  well. 
An  Increase  In  plate  and  screen  voltages  leads  to  a  rise  In  the  power 
lost  on  both  the  plate  and  the  screen,  which  decreases  the  efficiency 
of  the  amplification  circuit  and  complicates  construction  of  the  tube, 
nms,  bssasi-power  tetrodes  and  pentodes  for  audio  frequencies  have  con¬ 
trol  grids  with  comparatively  high  penetrances,  on  the  order  of  0.1, 
which  mkes  It  possible  to  obtain  an  adequate  shift  of  the  plate -grid 
charaoterlstlo  to  the  left  with  a  not-too-high  screen  voltage,  nozvally 
close  in  value  to  the  plate  voltage. 

A  decrease  in  screen-grid  current  is  iaqpoz^ant  to  audio -^frequency 
output  tubes.  Since  the  absolute  values  of  ourrents  In  these  tubes  are 
considerable,  a  noticeable  aanunt  of  power  is  dissipated  on  the  screen. 
!Bius,  it  is  desirable  to  hare  the  saxlsus  possible  ourront-^istrlbution 


fftotor  In  th*Be  tub«ji.  An  InoiwABe  in  the  current  •’distribution  faotor^ 

In  addition  to  deoreaalng  power  losses  on  the  screen  grid  leads  to  an 
Increase  In  transoonduotanee  with  no  change  In  heating  power  or  electrode 
Toltages.  In  this  reepect^  beaB-i;>ewer  tetrodes  have  considerable  ad¬ 
vantages  In  coSparlson  with  pentodes^  and  thus  they  are  frequently 
utilised  In  audio •^Trequenoy  power-euipllflcatlon  clrotiltB. 

In  order  to  Isprove  current  distribution^  the  screen  grid  of  audio¬ 
frequency  pentodes  Is  nonsally  eaxxufaotured  with  a  relatively  seidl  fill 
factor.  Ohls  nakes  It  possible  to  obtain  a  current -distribution  fmotor 
ranging  froai  5  to  6. 

Since  the  penetrance  of  the  first  and  second  grids  In  audio-fre¬ 
quency  tubes  Is  relatively  large^  the  total  penetrance  has  a  considerable 
■agnltude,  as  a  result  of  which  a  variation  In  plate  voltage  has  a 
noticeable  effect  upon  the  sMgnltude  of  the  cathode  current.  ^us»  In 
audio-frequency  tubes^  the  Internal  resistance  proves  to  be  lower  than 
In  tubes  with  fine  grlds^  and  has  a  value  ranging  from  30  to  100  lerinu 

The  value  of  the  transoonduotanee  for  output  beam-power  tetrodes 
and  pentodes  Is  norswlly  large^  In  certain  tubes  amounting  to  10-12 
ma/v.  In  output  tubes,  high  transoonduotanee  Is  obtained  from  a  large 
cathode  surface  and  a  high  screen  voltage  (TS-lOO  per  oent  of  T7^},  with 
a  relatively  high  control  •grid  penetrance. 

Depending  ui>on  the  structural  peculiarities  of  the  circuit  In  which 
tubes  are  to  be  used,  the  structure . for  connecting  a  tube  Into  a  circuit 
Is  chesen.  In  oases  where  rapid  changing  of  tubes  by  unskilled  personnel 
Is  specified  (bz^oadcast  equlpawnt,  measurement  equipment,  etc. },  either 
tubes  with  standard  bases,  or  with  rigid  leads  having  a  strictly  flmad 
arrangessint  and  serving  as  pins  fitting  Into  circuit  tube  sockets  are 
used.  In  equipment  In  which  It  Is  convenlamt  to  solder  tube  leads  to 
eirault  elsQants«  tabes  with  flexlbls  leads  of  sufflaleiit  length  axe 
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Fig.  10-5*  Mounting  a 
duil-dlode  part  with  the 
aid  of  eyelet B. 

xuied.  Am  a  rule,  flexible  lead«  are  used  with  BuoalnlatiLPe  reeelTlng- 
aapllfylng  tubes.  Ohe  advantageB  of  tubes  with  flexible  leads  are  re¬ 
liability  of  oonneotlon  into  the  olroult,  stzniotural  sliqpllfloatlon 
of  olroult  application  -  there  Is  no  need  for  tube  sookets.  Connection 
by  aeans  of  flexible  leads  sonei^t  damps  the  transnl  salon  to  the  tube 
of  yarlouB  neohanlcal  atzesses  from  the  Installation. 

Strength  and  stability  greatly  Influence  tube  design.  VI- 
bratlon  Is  the  chief  problem.  Forces  on  tube  parts  during  vlbra-  zK 

I 

tlon  depend  iqK>n  the  frequency  of  the  vibration,  upon  the  asplltude 
of  osolUatlons,  and  upon  the  aasB  of  the  parts.  In  vibration,  the 
direction  of  the  forces  Is  constantly  changing,  as  a  result  of  which 
the  oonneotlon  between  Individual  tube  parts  Is  weakened.  Ibis  results 
In  an  Increase  In  gaps  In  aountlng  holes  of  insulators,  between  Insu¬ 
lators  and  envelopes,  etc.  In  order  to  protect  tube  stzoiotureB  against 
daange,  tube  pairts  anst  be  very  tightly  assembled.  Ibus,  for  exaaple. 

In  tubes  designed  to  operate  where  considerable  vibration  Is  expected, 
the  disaster  of  grid  traverses  should  exceed  by  0.01-0. 03  mi  the 
disaster  of  the  oozveapendlng  holes  In  the  aloa  Insulator.  Am  mbs 
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Rig.  10-6.  Nakixig  tvb*  ml^mritB 
ti^t  In  the  envelopee. 


aleo  iqppliei  to  the  fitting  of  the  Indlraotly  heated  oathede  Into  the 
Insulator. 

In  providing  high  meohanloal  strength  of  tube  struotures,  an 
essential  role  Is  played  by  the  rigidity  with  which  the  upper  and 
lower  Insulators  are  sounted;  all  of  the  parts  of  the  tube  btb  fastened 
to  them.  Oood  results  are  given  where  eleaents  are  Mounted  with  the 
aid  of  eyelets  (Rig.  10-3). 

When  tubes  are  operated  In  the  presence  of  heavy  vibration^  It 
Is  very  Isportant  to  prevent  tube  eleawnts  from  striking  the  walls  of 
tlie  envelope.  In  order  to  prevent  the  appearance  of  oscillations  of 
tube  parts  at  natural  (resonant)  frequencies.  One  of  the  best  Methods 
for  preventing  parts  froM  receiving  such  blows  Is  tight  fitting  of  the 
elemnt  Into  the  envelope,  accaq^llshed  either  by  bending  the  project¬ 
ing  teeth  of  the  Insulators  (Rig.  10-6a},  or  by  using  special  Mica 
side  grippers  (Rlg^  10-6b}.  Springs  are  also  utilised,  flx«ly  fastened 

-  311  - 

1 

I 


to  the  tube  eleaent  (Plg.  10-6c). 

TJhder  working  oondltions,  the  poBslble  vibration  frequency  for 
tubes  almost  never  exceeds  500-600  cps.  Ihus,  the  Inherent  (resonant) 
frequencies  of  Individual  parts  should  be  considerably  higher  In  order 
to  prevent  the  appearance  of  resonant  oscillations.  For  this  ptirpose> 
the  stiffness  of  part  fastenings  Is  increased,  and  the  separation  of 
their  supports  Is  decreased. 

Increased  requirements  for  tube  life  and  reliability  have  caused 
several  structural  measures  to  be  carried  out  directed  toward  weakening 
the  effect  of  factors  leading  to  tube  failure.  In  order  to  decrease 
the  effect  of  the  evaporation  of  active  materials  from  the  cathode.  It 
Is  desirable  to  decrease  cathode  tenperature  within  limits  providing 
for  normal  operation.  It  Is  also  desirable  to  decrease  heater  teng;>era- 
tuzm.  As  was  shown  In  Chapter  Four,  a  decrease  In  heater  tesqperature 
Is  possible  as  a  result  of  Increasing  the  fill  factor.  In  addition.  It 
Is  possible  to  decrease  heater  tesqperature  by  Increasing  the  absorbing 
power  of  the  Inner  surface  of  the  cathode  tube  by  carbonizing  It  or  by 
an  alundxm  coating.  These  methods  are  conpllcatSd  from  the  pi^oduetlon 
viewpoint,  however,  and  have  not  found  wide  application. 

One  of  the  causes  of  tube  failure  Is  burning  out  of  heaters  In 
tvibes  operating  under  lnterrupted*^eatlng  conditions,  l.e. ,  with  fre¬ 
quent  connection  and  disconnection  of  the  heating  voltage.  Deformation 
of  heaters  ocoiirs  upon  heating  and  cooling;  where  recrystallzatlon  of 
the  heater  wire  occurs,  this  suy  lead  to  failure  of  the  heater.  Ohe 
best  material  for  heaters  of  such  tubes  Is  tungsten,  which  has  high 
strength  and  a  higher  tesqperature  of  reorystallsatlen  than  alloys  of 
timgsten  with  molybdenusi. 

Of  great  Importance  Is  the  proper  choice  of  material  for  the 
cathode  base  layer  (In  the  case  idiere  Indirectly  heated  cathodes  are 
used).  If  the  base  layer  has  a  large  numlber  of  reducing  additives. 
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dizrlng  the  first  hours  of  operation  a  large  aaiount  of  free  bariusi  is 
reduced j  aoooaq;>aaied  by  rapid  evaporation  of  the  barium,  ^en^  as  a 
result  of  the  forsHition  of  a  barrier  layer  at  the  base-layer  —  oxide 
interface,  owing  to  the  additives,  the  oondltlons  for  barium  reduction 
deteriorate  sharply.  Thus,  the  base-layers  of  indirectly  heated  cathodes 
of  long-life  tubes  should  utilize  nickel  with  a  minimum  amount  of  addi¬ 
tives  (not  more  than  0.  01  per  cent  silicon,  or  not  more  than  O.03  per 
cent  magnesium). 

For  stabilization  of  the  grid-cathode  contact  potential  in  tubes 
with  indirectly  heated  cathodes,  good  results  are  given  by  geld-5>lated 
grids.  In  tubes  with  filaments,  magneslxa  is  deposited  on  the  tube 
parts  for  the  same  purpose. 

So-called  combination  tubes,  in  which  two  or  even  th3*ee  tubes  are 
cojsbined  in  a  single  envelope, lihxve  foudd  widespread  application.  The 
combination  of  tubes  may  be  organic,  in  which  case  the  combined  tubes  - 
have  common  electrodes,  or  an  independent  arrangement  may  be  used.  In 
the  first  case,  the  tubes  are  designed  for  utilization  only  in  a 
limited  numiber  of  types  of  ciirouits  requiring  interconnection  of  tube 
elect]?odes.  In  the  second  case,  the  tubes  may  be  utilized  ftBsenftmg^Htely 
Independent  circuits. 

TVin  rectifiers  are  very  common;  they  are  designed  for  servloe  in 
full -wave  rectification  circuits.  Two  twin-rectifier  structures  should 
be  distinguished t  rectifiers  with  separate  cathodes,  and  rectifiers 
with  a  coflOMn  cathode  and  two  plates  (Fig.  10-7).  The  majority  of 
dectector  diodes  are  also  made  in  the  dual  form.  The  doubling-«q>  of 
the  diodes  is  explained  by  the  fact  that  in  the  maJozd.ty  of  modern 
receivers,  in  addition  to  diode  detection,  there  is  an  automatic  gain 
control  (ARC!h)''61rcuit,  operating  in  a  circuit  similar  to  that  of  a 
reetlfler,  using  the  aeeoni  diede.  In  dual  detector  diodes,  heth  diodes 
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of  the  tube  are  noraimlly  shielded  fvcaa.  each  other  by  a  shield  that  has 
a  separate  lead  through  the  mount.  Sometimes  the  diodes  Intended  for 
detection  purposes  are  oomblned  with  other  tubes  working  In  neighbor- 
li%  stages  of  the  receiver.  As  an  example  of  such  a  tubet^we  may  take  the 
diode Hpont ode j  which  takes  the  form  of  a  combination  of  a  diode  with  an 
RF  pentode^  and  the  dual  dlode-trlode^  In  which  there  are  two  detector 
diodes  operating  in  detection  and  ARCh  clrotiltSj,  combined  with  a  tzdode 
for  aispllflcatlon  of  the  audio  voltage*  Such  tubes^  as  a  rule»  have  a 
cosBwn  cathode. 

Dual  trlodes  occupy  an  lm>ortant  place  in  the  catalog  of  receiving- 
amplifying  tubes.  ‘IVln  trlodes  may  be  utilized  for  audio-frequency 
power  amplification,  operating  In  push-pull  circuits  with  low  gain, 
while  there  are  also  twin  trlodes  with  medium  and  high  gains.  Twin 
trlodes  find  wide  utilization  In  various  types  of  pulse  circuits  — 
relaxation  oscillators,  electronic  switches,  etc.  Ihey  may  have  either 

cosBsn  or  separate  cathodes  (Fig.  10-8).  4-  \ 

\ 

The  advantages  of  combination  tubes  are  first  of  all  savings  In  ! 

weight  and  size  of  radio  equipment,  as  well  as  a  certain  economy  of  j 

1 

parts  whera  the  parts  are  coason  to  the  combined  tube  (insulators,  | 

envelopes,  mounts,  bases,  etc. ).  Where  two  Identical  tubes  are  placed 
In  the  same  envelope,  there  la  greater  tinlfoxmlty  In  proeesslng,  which 
In  turn  decraases  dlfferenoes  In  characteristics. 

Oohblnatlon  tubes,  however,  are  nozmally  cemplicated  to  manufac¬ 
ture,  and  frequently  the  cost  of  a  oestblnatlon  tube  exceeds  the  cost 

( 

of  two  separate  tubes. 

In  constructing  cosblnatlon  tubes.  It  Is  also  necessary  to  take 

steps  for  elimination  of  Interaction.  In  many  oases,  forbidden  elec-  | 

1 

tronlc  or  capacitive  coupling  between  tubes  makes  It  lipesslbla  te 

I 

ooablxie  them  In  a  single  envelope. 
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a)  a)  T)b)  :  I 

PlsT  •  SsnplftB  of  Pls«  lO*^*  Ci*oBB jHMobl,on 

tirln>^rootlfl«r  eonatmo-  of  twln-trlodo  oonstruotlon. 

tion.  a)  With  Mparata  oathodaa; 

a)  With  a«non  oathodej  b)  with  oonen  oathodt^ 

b)  with  aoparato  oathodea*  l)  Sorbsn;  S)  oathode. 

10#4.  OONSTRtICTION  OF  RECEITINa-AMPLIPYINa-TDHE  PASTS. 

Modern  reoeiving<4uq>lif7lng~tube  designs  noraally  provide  for 
asseahly  of  all  interior  parts  separately  from  the  tube  steaij  later^ 
the  asseabled  set  of  parts  is  connected  with  the  stem.  Ihus^  the 
stzoiotural  units  of  a  tube  are  the  set  of  basic  parts,  the  stem  with 
leads,  the  envelope,  and  in  oertadn  tubes,  the  base,  serving  to  pzw>vide 
reliable  oonneotion  of  the  tube  into  the  circuit.  In  many  types  of  tube 
there  is  no  base,  and  the  tubes  are  connected  into  the  circuit  directly 
through  the  tube  lead. 

The  basis  for  the  asaeobly  of  the  electrode  unit  in  receiving- 
amplifying  tubes  are  the  mica  (or  infrequently  oeramio)  insulators 
with  apertures  detezsinlng  the  location  of  the  tube  electrodes.  The 
design  of  paz*tB  should  provide  for  the  possibility  of  fin  fastening 
with  the  insulaton  and  strong  oonneotion  with  leads. 

In  addition  to  the  units  mentioned,  tubes  also  have  several 
auxiliary  parts  ineluding  varleus  types  of  intratube  ooxmeotions# 


Pig.  10.^.  St*a  oonitiniotlon  ter  reo«lv- 
Ing-AiVlifylng 

a)  Pr«BB«d  Btoi}  b)  and  o)  button  atani. 


supports  (or  "shelves")  for  getters^  shields^  eto. 

Below  we  dlsouss  the  struottupe  of  sereral  reoelying-sapllfplnc 
tube  parts. 

Steas  for  reoelvlng-aaplifying  tubes.  On  the  steas  of  receiving- 
aaqpllfylng  tubes  are  fastened  the  tube  aounts^  and  the  electrodes  of 
the  tube  are  linked  to  the  olroult  with  the  aid  of  leads  sealed  Into 
the  stea  (In  soae  oases,  a  portion  of  the  leads  Is  sealed  dlziiotlp 


Pig.  10-10.  Seallng-ln 
of  leads  in  sidadniature 
tubes  not  having  steass. 

into  the  tube  envelope).  On  the  basis  of  struoture,  steas  asy  be  classi¬ 
fied  as  pressed  and  button-type  (Pig.  10-9).  Press  steas  are  long,  nhioh 
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inor«a0es  tube  dlmenBlone.  In  addition,  long  lead  length  aakee  for 
hl|^  lead  Induotanoe  and  Interlead  oapaoltanoe.  IhuB,  preis  steae 
are  found  only  In  older  types  of  glass  reoel7lng-aji?>llfylng  tubes  with 
bases.  Die  advantages  of  button-type  Btens  are  amai  i  dimensions,  short 
leads,  the  possibility  of  large  lead  separation  and  the  utilisation  of 
leads  as  pins  oonneotlng  the  tube  Into  a  socket  (where  tubes  without 
bases  are  used). 

Many  designs  of  subnlnlature  tubes  have  no  stem  at  all>  but  the 
leads  of  these  tubes  are  sealed  Into  the  lower  portion  of  the  envelope 
(Plg.  10-10).  Leads  for  these  tubes  are  manufactured  of  platlxxum; 
their  external  section  Is  tinned.  GSxe  tube  leads  are  connected  Into 
the  circuit  by  soldering  them  to  the  appropriate  circuit  elements. 

In  pzmss  stems  and  In  button  stems  for  glass  tubes  with  bases,  an 
exhaust  tube  through  which  the  tube  Is  evacuated  Is  sealed  In.  In  but¬ 
ton  stems  of  glass  and  miniature  tubes  without  sockets,  there  Is  no  ex¬ 
haust  tube,  and  the  tube  Is  exhausted  through  an  exhaust  tip  sealed  In¬ 
to  the  dome  of  the  envelope. 

Hlgh*ei91tlng  glasses,  as  a  rule,  are  used  as  stem  materials,  ex¬ 
cept  In  the  case  of  large  tubes  without  bases  that  have  tungsten  lead- 
pins.  Since  a  large  number  of  metal  leads  are  sealed  Into  a  stem,  con¬ 
siderable  Internal  stresses  may  appear  In  the  glass,  and  for  this  rea¬ 
son  the  glass  may  crack,  and  for  this  reason  lead  glasses,  which  are 
able  to  withstand  heat  treatment  (for  exaaqple,  ZS>4  glass),  are  widely 
utilized  in  the  manufacture  of  stesus  for  reoeivlng-aapllfying  tubes. 
Another  advantage  of  these  glasses  is  low  electrical  conductivity  at 
high  temperatures. 

Bnvelopes  for  receiving -amplifying  tubes.  Bje  structure  of  blanks 
for  envelopes  depends  upon  the  outside  shape  of  the  tubes.  Mor  glass 
tubes  with  press  stems,  the  envelope  blank  is  longer  than  the  finished 
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n.g.  lO-ll.  fleaXlng~in 
lead  In  doaa  of 
iKlniaturt-tidMi  onTtlopo* 


ri 


Fig.  10-12.  Oonnootlon  of 
glaaa  stMi  and  iqppar  load 
in  B»tal  tuba. 

1)  (XlaaiB  atom;  2}  load; 

3)  glaaa  baadj  4;  aatal 
anvalope;  5)  fam*oohv«»i 
ring. 


anvalopa#  sinoa  tha  lower  portion  of  the  blank  —  the  "akiz*t"  —  ia 
drawn  out  after  the  stem  haa  been  aaalad  into  tha  envelope.  Tha 
length  of  envelope  blanka  for  glaaa  tubaa  with  button  atwaa  la  about 
the  aaaa  aa  the  length  of  the  envelope  of  the  finiahad  tuba. 

In  order  to  bring  leads  from  one  or  two  eleotrodaa  out  through 
the  top  of  the  envelope^  one  or  two  ahort  tipa  are  aealed  into  it. 

In  anralapaa  of  minlatura  and  aubmlnlatura  tubaa,  whioh  are  araeuatad 


llg.  XO-d.3*  Ixa^Eilaa  of  mloa- 
InaaXatar  iaaigna. 


-  318  - 


through  an  exhaust  tip  In  the  dome,  an  upper  lead  Is  sealed  dlreotly 
Into  this  tip  (W-g.  10-11). 

In  manufacturing  envelopes  for  receiving-amplifying  tubes,  dolomite 
glass  Is  used  for  tubes  with  press  stems  and  lead  glass  for  miniature 
and  submlnlature  tubes. 

Envelopes  for  metal  tubes  are  made,  as  a  rule,  from  low-carbon 
steel  (steel  1010),  coated  with  a  special  lacquer  for  protection 
against  corrosion.  The  envelope  is  Joined  with  the  stem  of  the  tube 
thz>ough  a  ferrochrome  ring  (Pig.  10-12),  Where  there  Is  an  upper  lead. 

It  Is  sealed  Into  the  top  of  the  metal  envelope  through  a  glass  bead. 

Ihere  are  several  advantages  to  a  metal  envelope,  basically  de¬ 
termined  by  the  fact  that  the  envelope  Is  at  the  same  time  an  external 
shield  for  the  tube,  and  Is  stronger;  these  do  not  compensate,  however, 
for  the  substantial  drawbacks  In  metal  tubes  from  a  production  point  of 
view,  associated  with  the  Impossibility  of  using  high-frequency  heating 
of  internal  parts,  which  Inpalrs  the  quality  of  the  tube  and  makes  It 
necessary  to  carry  out  special  treatment  of  the  parts  before  asseMbly. 
Thus,  the  majority  of  modem  tubes  use  glass  envelopes. 

The  heat  given  off  by  the  hot  Internal  parts  of  a  tube  heats  up  the 
glass  of  the  envelope.  The  maximum  permissible  temperature  of  glass 
envelopes  should  not  exceed  120-l80^C,  which  oomfsponds  to  a  heat  load 

o 

on  glass  envelopes  of  0.25-0.35  watt/cm  . 

Insulators  for  receiving -amplifying  tubes.  In  the  majority  of 
modem  types  of  receiving -amplifying  tubes,  precise  mutual  positioning 
of  parts  is  provided  by  mounting  them  on  special  lntez>nal  InsiQators 
(Pig.  10-13).  ttLca  serves  as  the  basic  material  for  Insulators  (muscovite 
[common]  mica  is  used);  discs  of  appropriate  configuration  am  stamped 
out  from  the  material.  The  number  and  shape  of  openings  In  the  dlsos 
depend  upon  the  design  of  tube  parts. 
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OrldB,  plates,  and  screens  for  tubes  eu?e  fastened  Into  the  Insu¬ 
lators  either  with  the  aid  of  traverses  Inserted  In  olroulao*  holes  In 
the  discs,  or  with  the  aid  of  tabs  bent  over  after  the  element  has  been 
connected  with  the  Insulator  (Pig.  10-14).  In  quite  Infrequent  cases, 
the  plates  are  fastened  to  special  brackets;  this  method  Is  seldom  used 
owing  to  the  fact  that  It  does  not  provide  sufficient  precision  In 
positioning  of  the  plates. 

Depending  upon  the  dimensions  of  the  Insulator,  the  thickness  of 
the  mica  discs  ranges  from  0.2-0.  5  mm. 

Jtountlng  of  cathodes.  %e  method  used  to  mount  the  cathode  should 
position  It  accurately  with  inspect  to  the  other  electrodes,  and  provide 
the  least  possible  loss  of  heat  from  the  cathode  owing  to  cooling 
through  the  supports  and  Insulators,  and  should  also  Insure  that  there 
are  no  lateral  deformations  (sagging  or  bending  of  the  cathode  as  a 
result  of  thermal  eaq)anslon  of  the  cathode. 

Filament-type  cathodes  are  positioned  accurately  with  the  aid  of 
the  mpthods  lllustMted  In  Kg.  10-13.  In  the  flxvt  case  (Kg.  10-CL5e)» 


Kg.'10>44.  Fastening  the 
pistes  of  a  twin  diode  to  the 
insulator  with  the  aid  of  taps. 

the  filament  wire  rests  against  the  stralfd^t  side  of  a  hole  in  the 
lns\Q.ator  located  on  the  axis  passing  through  the  centers  of  the  holes 
for  the  grid  tz«vexmws;  In  the  second  ease,  the  wire  la  set  Into  an 
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angle  in  a  hole  In  the  Inatilator  (Plg.  10-15b,c).  Ihe  third  method 
(Pis.  10-15d),  in  which  the  position  of  the  oathode  is  determined  by 
the  position  of  hooks  connected  to  tension  springs j,  is  less  accurate 
and  is  utilized  basically  in  rectifiers. 

In  order  to  pz*event  oathode  wire  from  sagging  owing  to  thermal 
expansion,  tension  is  applied  to  it  with  the  aid  of  springs  (Fig.  10->l6}. 
Springs  are  sometimes  also  utilized  for  bringing  the  oiirrent  into  the 
oathode.  In  this  case,  the  spring  is  heated  not  only  by  the  heat  evolv¬ 
ing  from  the  oathode,  but  also  by  the  ourz*ent  passing  through  the 
spring  itself.  Since, at  elevated  temperatures,  spring  elasticity  de¬ 
creases  sharply,  considerable  heating  of  the  spring  oamnot  be  permitted. 
Thus,  the  diameter  of  the  wire  used  in  a  spring  must  be  considerably 
larger  than  the  diameter  of  the  oathode  wire.  With  thin  cathodes  having 
a  core  diasMter  of  up  to  spring  wire  will  have  a  diameter  6-10 

times  the  core  diaiMter,  irtiile  with  thinner  cores,  the  spring  wire 


RLg.  10-16.  Designs  of  springs 
for  applying  tension  to  filaments 
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dlaaeter  will  be  3-6  tlaes  the  core  diameter. 

Lever-type  springs  (Pig.  10-l6a)  have  the  greatest  rigidity.  In 
order  to  Increase  the  elasticity  of  a  spring  when  the  wire  diameter 
gets  to  be  fairly  large,  a  single  turn  or  several  t\irne  aire  made  In  the 
central  portion  of  the  spring  (Plg.  10-l6b,o);  the  larger  the  turns, 
the  less  the  tensile  force,  all  other  conditions  remaining  the  same. 
Tension  springs  are  fastened  either  to  special  hooks  (supports),  mounted 
on  the  mica  Insulator  (Pig.  10-15a),  or  on  the  traverses  passing  throvigh 
the  holes  In  the  Insulator  (Plg.  10-15b).  Spiral  tension  springs  (RLg. 
10-15d)  rest  freely  on  the  Insulator. 

Springs  are  manufactured  from  tungsten,  nlchrome,  and  molybdenum 
wire;  It  Is  preferable  to  utilize  tungsten,  since  at  elevated  tempera¬ 
tures,  the  elastic  properties  of  tungsten  decline  to  a  lower  degree 
than  do  those  of  molybdenum. 

Opposite  ends  of  a  cathode  are  rigidly  fastened.  In  tubes  with 
press  stems,  they  are  normally  fastened  directly  to  supports  sealed 
Into  the  stem.  In  filament -type  tubes  with  button  stems  and  In  submlnla- 
ture  tubes,  the  Insxilators  are  provided  with  special  supports  to  which 
the  cathode  Is  attached.  In  tubes  with  Indirectly  heated  cathodes, 
the  ends  of  the  heaters  are  fastened  to  such  supports. 

Methods  for  mounting  Indirectly  hented  cathodes  themselves  have 
been  discussed  In  Chapter  Po\u>. 

Qrlds  for  receiving  -amplifying  tubes.  Spiral -around  grids  using 
two  traverses  are  the  most  frequently  used  type;  the  cross-sectional 
shape  of  these  grids  Is  determined  by  the  tube  design.  According  to 
the  method  used  for  fastening  the  wire  of  the  turns  to  the  traverses, 
which  are  also  classified  as  welded  (Fig.  IO-I7),  where  the  turns  are 
fastened  to  the  traverses  with  the  aid  of  electric  welding,  or  as 
rolled  (Fig.  10-18),  In  which  the  tiums  wire  Is  eibedded  In  notches 


322  - 


WLg.  10-17.  ¥8l»#..gS!i42'7',  Pig.  10-18.  Cferi-d  with  turns 

•nibedded  In  traverses. 

previously  out  In  the  traverses^  and  then  rolled  Into  them.  Ihe  latter 
method  for  mantifaoturlng  grids  Is  vez>y  accurate  and  simple  fz*oB  a 
production  point  of  view.  Hius,  embedded-type  grids  are  encountered 
considerably  more  frequently. 

In  both  cases,  the  turns  are  fastened  to  the  extez*lor  surface  of 
the  traverse,  and  the  majority  of  the  traverse  diameter  lies  within 
the  grid.  This  feature  makes  It  impossible  to  make  tubes  having 
cylindrical  electrode  systems  and  small  grid-cathode  spacing.  The 
majority  of  grid  designs  have  traverse -eucls  separations  exceeding  the 
span  (the  smallest  outside  dimension)  by  a  factor  of  two  or  more. 

Pig.  10-19  shows  grid  cross-section. 

Nickel  and  copper  nonsally  are  used  as  materials  for  grid  traverses. 
Nickel  with  2.5  per  cent  of  added  manganese  Is  sometimes  utilized  for 
thin  traverses;  this  increases  the  rigidity  of  the  traverses.  Copper  Is 
utilized  for  traverses  of  grids  In  tubes  producing  high  specific  loads 
on  the  electrodes,  since  the  high  heat  conductivity  of  copper  makes  for 
the  best  cooling.  In  order  to  improve  weld  qtiallty  where  traverses  are 
electrically  welded  to  other  parts  of  tubes,  oopper  travpirses  may  first 
be  nickel -plated. 


■r 


I 
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Pig,  10-19*  arid  oro«»- 
■eotionft. 

a)  and  b)  Plat  grids; 
cj  and  d j  oval  grids; 
e)and  f)  shapsd  grids. 


Wire  made  of  tungsten,  molybdenum,  manganese  nlokel,  and  alloys 
of  nickel  vd.th  tungsten  (NIVD),  or  with  molybdenum  (NIMO)  are  used 
for  the  grid  tvirns  of  reoelvlng-aagjllfylng  tubes.  One  of  the  most 
common  materials  In  recent  years  has  been  molybdenum;  Its  advantage 
lies  In  Its  relatively  high  rigidity  with  adequate  plasticity,  which 
permits  relatively  easy  fabrication  of  grids  of  the  required  oross- 
>  sectional  shape.  Molybdenum,  however,  has  several  faults,  of  which  the 
basic  are  the  high  volatility  of  molybdenum  oxide  which  tends  to  poison 
oxide-coated  cathodes.  Ihus,  where  molybdenum  wire  Is  used  to  wind 
gz*lds  for  tubes  having  oxide-coated  cathodes,  the  wire  Is  given  a 
pz*oteotlve  ooatlng  (nlokel,  gold,  silver)  to  protect  the  surface  against 
oxidation.  The  minimum  permissible  diameter  of  molybdenum  wire  In  wind¬ 
ing  gzd.ds  Is  28-3^.  In  smaller  diameters,  molybdenum  wire  tuims  out 
not  to  be  strong  enough  for  manufaotiurlng  grids. 

Manganese  nlokel  (with  3  per  cent  manganese)  Is  a  good  material 
for  grids;  It  has  very  high  plasticity,  and  good  vacuum  properties. 

Owing  to  low  rigidity,  however.  It  Is  utilized  In  grids  having  a  winding 
diameter  of  not  less  than  50jU.w±th  a  not-too-long  turn  length. 

In  modem  receiving •cnpllfylng  tubes,  tungsten,  which  has  high 
^  strength  and  very  good  vacuum  properties.  Is  widely  utilized  for  wind¬ 
ing  grids,  espaolally  those  with  small  winding  diameter  (30y((siid  below). 
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a)  0e) 

Fig.  10-20.  Shapes  ot 
free  ends  of  grid  treverses. 
a)  Straight  euteff;  b)  oblige 
outeffj  o)  oigar  shape. 

Still  better  properties  are  possessed  by  alloys  of  tiingsten  with 
zheniuHf  whioh  differ  from  tungsten  in  that  they  retain  high  strength 
and  have  high  aeltlng  properties,  but  also  have  high  plasticity.  Ihis 
sisqplifles  the  fabrication  of  grids  and  oakes  it  possible  to  sake 
grids  having  any  required  cross-sectional  shape.  Owing  to  the  low 
plasticity  of  tungsten,  it  is  very  difficult  to  fabricate  tungsten 
grids,  and  tungsten  is  generally  used  in  the  manufacture  of  grids  with 
oval  cross-sections. 

In  order  to  fasten  gride  into  tube  insulators,  the  ends  of  the 
grid  traverses  have  no  tujms  at  either  end.  Where  a  tight  fit  of  tra¬ 
verse  into  the  insTilator  hole  is  inquired,  the  free  ends  of  the  traverse 
may  either  be  out  off  obliquely,  or  cigao*  shaped  (Fig.  10-20). 

Where  the  diameter  of  the  turns  wire  is  not  less  than  20ju.  (with 
tungsten  wire)  it  is  possible  to  snnufacture  spiral  grids  on  traverses 
with  esibedded  turns.  With  a  further  decrease  in  turns -wl  re  -  dilusmter,% 
the  structural  rigidity  of  the  grids,  and  their  ability  to  hold  their 
shJ4>e,  turns  out  to  be  completely  inadequate.  Thus,  where  considerably 
thinner  turns  wire  is  to  be  used  for  grids,  radically  new  grid  struc¬ 
tures  are  needed.  The  basic  grid  struoture  for  grids  with  thin  turns 
wire  (3-^40  *■  zlgid  frame  upon  whioh  the  ttims  are  placed  under 

tension.  This  constsuotlon  may  be  two-sided,  similar  to  a  standard 
grid,  in  whioh  case  it  takes  the  form  of  a  fraaw  made  of  two  nozaally 
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Fig.  10«-21.  Gonstruetion  of 
double  elded  fxw-tyye  g3*idB 
with  two  (a)  and  three  (b) 
pairs  of  beuids. 

olroular  traverses.  Joined  by  two  (or  three)  pairs  of  bands  (Fig.  10-21). 
Ihe  bands  ajre  either  welded  or  soldered  to  the  traverses,  with  gold, 
covering  the  traverses  and  bands,  serving  as  the  solder.  A  thin  gold- 
plated  tungsten  wire  Is  wound  on  this  frame  under  tension;  the  ends  of 
the  wire  are  fastened  to  the  traverses.  Vfhen  the  system  Is  heat  treated, 
the  position  of  the  turns  becomes  fixed  upon  the  traverses,  owing  to 
the  muttial  diffusion  of  gold  from  the  surfaces  of  the  turns  and  the 
traverses.  The  diameter  of  the  traverses  should  be  sufficiently  la3?ge 
to  provide  structural  zd.gldlty,  since  the  force  set  up  by  the  tension 
on  all  of  the  turns  may  cause  bending  of  the  traverses.  Ohus,  where 
long  frames  are  Involved,  a  third  pair  of  bands  Is  used  In  the  center. 

A  second  frame-tTpe  grid  design  Is  the  single -sided  grid  wound  on 
lat-stmmmed  firamss  (Fig.  10-22).  In  such  grids,  the  turns  wire  and 
frasw  are  also  gold-plated  and  the  tiums  are  Joined  to  the  frames  by 
gold  soldering.  The  stamped-frasw  grid  design  can  provide  quite  high 
accuracy  In  turns  spacing. 

Materials  with  good  mechanical  properties  (molybdenum  and  tungsten) 
are  used  In  both  frame-type  grid  designs  for  manufacturing  the  grids, 
and  thus  the  neoessary  structural  zd.gldlty  Is  provided. 
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Tig.  10-32*  Siauqple  of 
oonatruotlon  of  single - 
sided  grid  on  a  staaiped 
frwna. 

PlatsB  for  raeoiring-asplifying  tiibes.  In  ohoosing  plate  designs, 
in  addition  to  the  dioensions  deteradning  the  basio  tube  oharaoteris- 
tios,  it  is  neoessary  to  allow  for  several  additional  factors  deterained 
by  these  specific  features  of  the  type  of  tube,  ^ese  factors  are 
the  themal  operating  regime  of  the  plate,  the  method  used  to  siount  it 
into  the  tube,  the  reciuirements  for  mechanical  stability  and  lifetime 
of  the  tube,  etc. 

For  the  majority  of  receiving -aa5)llfylng  tube  designs,  the  plate 
is  the  support  for  the  insulators  upon  which  the  remaining  parts  of 
the  tube  are  motinted.  Qlius,  the  fastening  of  the  plate  through  the 
instdators  is  of  essential  importance  in  establishing  the  reqxiired 
accuracy  of  positioning  of  the  plate  relative  to  the  other  electix^des. 
When  the  plate  is  moxinted  on  traverses,  positioning  is  more  accurate 
than  when  tabs  are  used  for  moxinting,  but  tab-mounting  does  not  require 
the  utilization  of  additional  parts . (eyelets,  locking  devices,  etc.) 
to  increase  tlK  strength  of  the  plate -insulator  Joint.  In  many  cases, 
ooaddination  motintlng  using  traverses  and  tabs  is  used.  Where  plates  are 
a»unted  on  tabs,  the  dlMnsions  of  the  holes  in  the  insulator  normally 
perait  the  plate  to  be  shifted  in  the  plane  of  the  tabs.  Ihus,  the  tabs 
should  be  BO  arranged  that  such  a  shift  has  no  effect  iq;)on  the  inter¬ 
electrode  distances  detezmining  the  tube  oharaoteristios. 
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Fig.  10-23.  Exavplea  of  plat*  atruotxuwB. 

Materials  for  the  plates  of  reoelvlng-aaplifylnc  tubes  are 
nlokel,  as  well  as  several  laalnated  Materials  with  coatings  on  one  or 
two  sides  such  as,  for  exaaqple,  aluninumHPlated  steel,  alimlnua-plated 
nlokel,  nickel-plated  steel,  etc. 

Ooanon  (white)  nickel  is  utilized  as  a  plate  Material  In  tubes 
having  SMall  specific  plate  dissipation.  For  tvbes  with  large  speclflo 
plate  power,  carbonized  or  ground  nickel  or  aluMlnuM-plated  steel  and 
aluMlnuM-plated  nlokel  are  used;  the  surface  of  these  aatex^als  Is 
carbonized  after  hydrogen  has  been  driven  off;  they  have  a  high  ealsslon 
factor.  The  advantage  of  altaalnuBi-plated  steel  Is  that  It  Is  relatively 
easily  outgassed,  and  liberates  little  gas  during  operation  of  the  tube. 
Owing  to  large  rigidity  of  this  Material,  however,  there  are  predaetien 
probleas  in  Manufacturing  plates  froa  it. 

Open  plate  designs  (Fig*  10-23a,b),  used  to  decrease  tabs  output 


Fig.  10*^4.  ExaaplM  of  gottor 
struotniroB. 

oapaoltanco,  alio  laprove  oooling  of  grids  In  tiibes  with  high  heat 
loads,  and  make  It  easier  to  oontz*ol  the  qtiallty  of  tube  •element 
assembly.  lh>awbaoks  to  these  plates  are  their  relatively  low  rigidity 
and  difficulties  Involved  In  heating  them  with  hlgh-frequenoy  currents 
during  evacuation. 

Closed-design  plates  are  either  folded  In  one  piece  from  a  blank 
(Fig.  10-230)  or  made  from  several  staji5>ed  sections  (Plg.  10-23d,  e,  f). 
Tlie  Individual  plate  sections  are  Joined  together  by  either  spot  welding 
or  mechanical  stapling  (Fig.  10-23o).  Ihe  advantage  of  closed  plate 
designs  Is  their  rigidity,  sowtlmes  Increased  by  means  of  special  ribs. 
For  purposes  of  quality  control  during  assembly  of  tube  elements,  and 
to  l^;>rove  oooling  of  grids,  plates  are  sometimes  manufactured  with 
windows  In  side  pox*tlonB,  and  with  a  notoh  In  the  ends  of  the  working 
section. 

Auxiliary  parts.  Auxiliary  parts  Involved  In  the  construction  of 
receiving-amplifying  tubes  are  getters,  shields,  various  connections 
and  bases. 

In  order  to  obtain  a  high  vacuum  In  tubes,  a  mlrror-llke  substance 
Is  applied  to  the  Interior  walls  of  the  envelopes,  a  substance  that 
actively  absoz4)a  gases  —  a  getter.  Among  such  substances  are  barium, 
magnesium,  and  various  alloys  of  these  metals  with  sluminua,  thorium. 


A  oonmon  method  for  applying  the  mirror -finish  getter  to  reoeiving- 
aoplifying  tubes  is  evaporation  of  the  getter  material  whieh  is  used  in 
the  form  of  pressed  tablets  or  spread  on  speoial  siq^poirta  -  shelves. 
Oiese  "shelves"  should  be  eenstraoted  so  as  to  direot  the  evapoz*ating 
getter  material  only  toward  the  free  portion  of  the  interior  aurfaee  of 


Pig.  lo-25»  All -glass  tube 
in  metal  shell  with  seal-dn 
base  plug* 

1)  Envelope;  2)  shell. 

the  envelope  (Pig.  10-24).  In  order  to  faoilitate  heating  up  of  the 
getter  oarriers  where  their  surface  is  sisall  (for  example,  with  a  ribbon- 
type  getter)  by  using  hlgh-f3*equenoy  currents,  it  is  desirable  to  moxmt 
them  so  that  the  bearers  and  the  tube  elesmnts  upon  which  they  are 
mounted  form  a  closed  loop.  ISie  size  of  the  getter  mirror-surface  is 
established  depending  upon  the  volume  of  the  tube,  the  dimensions  of 
the  elements  heating  \qp  during  tube  operation,  and  their  wez4cing 
tesqperatures. 

Bases  are  used  in  many  tube  designs  to  connect  the  tiabes  into 
their  circuits.  The  base  takes  the  form  of  a  cylinder  closed  at  one 
end  by  an  insxJ.ating  plastic  bottom  through  which  are  pressed  metal 
pins  connected  to  the  tube  leads.  Ohe  cylindrical  base  shell  is  either 
pressed  as  a  whole  from  plastic,  or  assembled  from  a  blestic  bettem 


(insert)  and  a  isatal  body.  In  the  center  of  the  bottom  of  the  base> 
there  is  an  aligning  ]>lvg»  within  which  is  located  the  sealed  end  of 
the  exhatist  tip.  On  the  outer  surface  of  the  plug  there  is  a  key«  for 
which  a  corresponding  notch  is  made  in  the  center  hole  of  the  tube 
socket,  BO  that  the  tube  may  be  plugged  into  the  socket  in  a  single 
position  only. 

Bases  are  fastened  to  the  envelopes  of  glass  tubes  with  the  aid  of 
tdbe>^aBe  cosqpounds,  while  in  metal  tubes  the  base  insert  is  fastened 
to  the  lower  poz>tion  of  the  shell. 

lAiere  there  is  an  electrode  lead  through  the  top  of  a  tube,  a 
special  cap  is  used  for  purposes  of  connection  into  the  circuit]  the 
osp  is  attached  to  the  envelope  with  a  tube>4>ase  o<»pound. 

In  glass  tubes  with  an  external  shield,  the  leads  themselves  are 
used  as  the  pins  connecting  the  tube  into  the  circuit.  In  order  to 
protect  the  exhaust  tip,  and  to  insure  that  the  tube  is  properly  in¬ 
serted  into  the  socket,  a  metal  base  with  openings  for  the  lead-pins^ 
and  with  an  aligning  plug,  is  placed  on  the  tube.  OMs  base  is  Joined 
with  the  cylinder  fozmed  by  the  external  metal  shell  In  whi<di  the  en¬ 
tire  tube  is  located  (ilg.  10-23). 

10-5.  FDNDAKEMTAIiS  OF  RBGEITINa-AMPIJFIINa-TDEE  DESK  N. 

The  initial  data  for  designing  tubes  are  the  static  characteris¬ 
tics,  the  magnitude  of  tlM  plate  power  dissipation,  and  the  cathode 
heating  parasmters.  In  cases  where  the  paraawters  given  are  associated 
with  the  circuits  in  which  the  tubes  are  to  be  used.  It  Is  necessary  to 
convex^  them  to  the  data  enumerated.  In  addition.  It  is  necessary  to 
determine  the  operating  regime  In  idiloh  the  tubes  will  have  the  required 
parameters. 

TSie  design  prebleei  emeunts  to  the  determination  of  the  geeastrlo 


dlBAnalonB  of  all  tub#  BlBOtrodAB.  It  1b  clear  that  oholoe  of  the  tube 
arrangement  muBt  precede  oaloulatlon.  For  precise  tube  design,  and 
espeolally  for  tubes  with  grids.  It  Is  necessary  to  take  Into  aocotmt 
■any  phenoasena  that  detezvlne  the  passage  of  current  through  tubes  — 
the  Initial  electron  velocities,  centaot  potential,  deviation  (deflec¬ 
tion)  of  electron  trajectories,  etc.  Below  we  give  approximate 
■sthods  for  designing  tubes  of  very  slsple  stznioture. 

Hsctlfler  design.  Tbe  basic  data  fer  designing  rectifiers  normally 
are  the  cathode  heating  voltage,  the  magnitude  of  the  rectified  current 
and  rectified  voltage  at  the  given  transformer-secondary  voltage  In  the 
rectifier  circuit.  In  designing  tubes.  It  Is  necessary  to  know  the  value 
of  the  peak  Inverse  voltage. 

According  to  the  given  values  of  rectified  voltage  and  peak  trans¬ 
former  voltage,  the  peak  plate  current  and  plate  voltage  are  found  In 
aooordanoe  with  fonsulas  (5-37).-*  (5-38),  (5-39)  and  the  chart  of 
^  (^S*  5*^2).  Frcm  the  peak-plate  current  value  that  Is  found 

and  the  given  rectlfled-ourrent  value,  the  cathode  Is  designed  aooerd- 
Ing  to  the  circuit  shown  In  Chapter  Four. 

Ihen,  substituting  the  values  of  peak  plate  current  and  peak  plate 
voltage  Into  the  fonaula  ejgpresslng  the  three-halves  law,  we  find  the 
plate -cathode  separation  for  a  planar  system,  and  the  plate  radius  for 
a  cylindrical  electrode  systesu 

For  a  rectifier  having  a  loop -type  filament  and  a  planar  plate  , 
the  perveance  0  In  the  three -halves  law  will  Involve  a  value  of  effec¬ 
tive  plate  surfaoe  equal  to  the  area  of  the  projection  of  the  cathode 
upon  the  plate,  where  the  width  of  the  projection  equals  twloe  the 
plate  «^athiods  spacing.  For  the  case  in  lAloh  a^  2r^ 
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I  41^ 

!/...♦ - r{2/»a-(2«-l)rJ*  (10-5) 

where  a  Is  the  dlatanoe  between  oathode  xumntlng  point ■;  n  Is  the 
nuaber  of  loopa  of  the  oathode j  2  !•  the  helsbt  of  a  loop;  r^  la  the 
plate-oathode  apaolng. 

Iben  a  haa  the  following  value  t 


C 


0=9,32. 10- 


/[2/ia  — (2/«  —  l)/’,| 
arl 


(10-6) 


for  the  oaae  In  which  a  ‘^2r^^  the  effective  plate  aurface  equalai 


I  i  (10-7) 

and 

I  o=2.33.io-«-1!?'*~']°'*'^^«>  .  (10-8) 

i 

Substituting  the  calculated  value  of  0  Into  the  three*.halveB  law 
M  find  fro.  It  th.  quMtlty  r,.  Slno.  th.  ratio  of  r,  and  a  1.  not 
apeolfled  In  the  coaputatlona^  It  Is  neceaaarj  to  solve  two  e^uatlonat 
one  for  the  oaae  Ih  which  a)>  2r-«  and  one  fOr  the  oaae  In  i^oh 
a  <  2£>^.  It  Is  necessary  to  pick  that  one  of  the  two  aolatlona  that 
satisfies  the  Initial  conditions. 

Since  alternating  oiurent  Is  normally  used  to  heat  rectifier 
cathodes,  there  Is  no  need  to  allow  for  nonunlpotentlal  oondltiona  In 
the  oo8q>u  tat  Iona. 

For  a  cylindrical  ayatem  with  an  Indirectly  heated  oathode, 
geometrlo  design  of  the  plate  prooeeda  according  to  formula  (5-20). 

Ohe  effective  plate  surface  In  thla  oaae  equala  2irr|^,  or  ^  equals 
the  length  of  the  oxide  coating  on  the  cathode.  Suhstltutlng  thla 


*  ^^a.e®  “  \.ef  ^anod  effektlvnyy  "  ^effeotlve  plate*  ^ 
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valtie  of  Into  Eq.  (5-20),  wo  obttln 

/.  =  2.3S.I0-^(/f ,  (10-9) 

Khons* 

!  * 

I  u* 

\  r^*=ll.65.10-/,-i-.  (10-10) 

*« 

2 

%e  ooaputed  value  of  the  product  r^  le  divided  by  r^,  and 
Table  5-1  la  used  to  deteralne  the  ratio  and^  ooneequantly,  the 

plate  radius  as  well. 

High-voltage  reotifierB  designed  for  inverse  voltages  over  10  kv 
frequently  use  oylindrieal  plates  and  di3?eotly  heated  oathodes,  made 
in  the  fom  of  parallel  filaments  or  spirals  installed  coaxially  with 
the  plate  (Pig.  10-3).  Plate -geometry  oooputations  for  a  spiral- 
oathode  —  oylindrioal-plate  systeai  aay  be  carried  out  as  for  a  cylin¬ 
drical  system  with  an  indirectly  heated  cathode^  introducing  a  correc¬ 
tion  that  takes  into  account  the  ratio  of  the  spiral  pitch  to  the 
plate -cathode  spaoing.  Thus,  the  eqaatien  for  the  plate  ourmnt  will 
take  the  following  fom 

/.  =  2,33.io-^f,t/f .  (10-11) 

The  quantity  fQ  is  a  function  of  the  ntio  t/(rg.  “  *’k^'  where  t  is 
the  spizal  pitch.  Figure  10«^6  shows  a  gzmvh  of  this  function. 

Trlode  design.  The  initial  data  for  triode  design  are  normally 
the  heating  voltage  (in  s<»s  oases^  the  heating  ourrent  is  given  as 
well)>  the  amplification  factor  and  tranaconduotanoe  under  the  given 
operating  conditions,  determined  by  the  plate  and  grid  voltages. 

With  the  system  of  electrodes  chosen,  it  is  necessary  to  perfon 
the  calculations  for  the  cathode.  With  the  heating  voltage  and  ourrent 
given,  the  cathode  is  designed  for  the  given  electrode  systeai  aeoordlig; 
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Fig.  10-26.  Ormph  of  the 
function  fQ(t/r^  - 

to  the  known  power.  Here  the  diaaeter  of  the  cathode  tube  is  found,  and 
the  length  of  the  oxide  coating  le  determined.  If  the  heating  power  la 
not  given,  the  svirface  area  of  the  oxlde*^pated  portion  of  the  cathode 
la  found  either  on  the  baala  of  the  cathode  working  current,  or  ac¬ 
cording  to  the  given  transoonductance. 

In  the  first  case,  the  cathode  working  cxirrent,  equal  to  the 
zmted  plate  current,  la  fotmd  from  the  expreaalon 

I  '.“-rsv.  (10-12) 

and  the  magnitude  of  the  ealde-eoated  cathode  aurfaoe  la  found  aa 


In  designing  a  cathode.  It  Is  possible  to  use  the  formulas  for 
transoonductance  to  find  the  grld-oathode  spacing  for  a  planar  aystem, 
or  the  grid  radius  for  a  cylindrical  system.  For  a  cylindrical - 
cathode  —  oval -grid  system,  the  transoonductance  may  be  computed  on 
the  bails  of  formula  (6-46),  allowing  for  the  cathode  eorenge  fiotory  t 

*  ^^okc  **  ^oks  "■  ^okaldlrovannyy  "  ^oxlde>oeated*  ^ 
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:  S,  =  2,33. 1 0-*T  t/;  .  -  ( 10 -13 ) 

An  oval-oathods  —  ovml*^p?ld  ayitmi  nj  b«  treated  aa  a  planar 
ayatam,  whara  tha  affaotlva  plata  aorfaoa  a^piala  tha  aiirfaoa  of  tha 
working  aaotiona  of  tha  oxlda*4eatad  poirtlon  of  tha  oathoda. 

If  couputationa  for  tuba  gaoaatx^  ara  oarriad  out  aooordlng  to 
a  given  value  of  tranaoonduotanoa,  whan  tha  oathoda -tuba  diaawtar  haa 
baan  ohoBan^  it  ia  naoeaaary  to  gat  tha  grid-oathoda  apaoing  and  to 
datarmina  tha  length  of  tha  oxidaHseatad  aaotion  frm  tha  fomila  for 
tha  tranaoonduotanoa. 

lM.odaa  uBing  filamenta  ara  daaignad  as  if  they  ware  directly 
heated  diodaa.  In  the  ooq;>utationa^  it  ia  naoaBaary  to  allow  for  a 
oorraotion  aiooounting  for  oathoda >^otantial  nonunifomity. 

Uia  next  atap  in  tha  daaign  ia  to  find  the  grid  paraaatara.  Iha 
grid  pitch  ia  80  ohoaen  that  no  ''island"  affect  appears.  In  order  to 
do  thia«  it  is  nacasaary  to  aatiafy  tha  condition  t  <  2:?^  Where 
poaaibla^  the  ralationahip  hatwaan  tha  pitch  and  tha  apaoing  of  gzd.d  and 
cathode  ahould  be  ao  choaan  that  the  grid  pitch  will  be  lawa  than  thia 
■pacing. 

In  order  to  deteraiine  the  diaanaiona  of  the  plate >  it  ia  neoaBaary 
to  have  tha  grid  fill  factored.  For  low-ani  triodaa  (up  to  10}  the  value 
ofiXia  aaleotad  in  tha  0.03  to  0.13  ranges  while  for  mediun-  and  high- 
ani  triodaa,  it  rangaa  from  0.2  to  0.3.  With  the  grid  fill  factor  avail¬ 
able,  it  is  possible  to  use  tha  formulas  for  aiqplifioation  factor  to 
find  tha  plate  diaanaiona.  For  cylindrical  and  planar  ayataaa,  tha 
value  of  r^  aay  ba  calculated  directly  frtai  fozaulas  (6-4?)  and  (6-48). 
Where  the  electrodes  ara  ooaqplax  in  aluqw,  tha  quantity  r^  ia  beat  found 
from  Ollendorf  *a  fonaula  (6-30). 

In  practice,  tube  aleaant  diawnaions  are  frequently  precalculated, 
using  aa  a  baaia  tubea  with  known  diaanaiona  and  charaeteriatioa,  eon- 
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Ttirtlng  these  quantities  so  as  to  produce  tubes  i^lth  the  reqtilmd 
paraaeters.  Such  a  conversion  is  possible  where  the  tube  electrode 
shapes  are  preserved.  When  such  a  conversion  is  performedy  corrections 
to  tube  dimensions  are  made  on  the  basis  of  the  parameters  of  sample  " 
speoimens  constructed  in  accoz>dance  with  a  preliminary  calctilatlon. 

Ciorrection  of  element  dimensions  with  a  view  toward  obtaining  a 
predetermined  ajq;>liflcation  factor  may  be  done  by  two  methods!  by 
changing  the  grid  fill  factor,  and  by  changing  the  plate •^rid  spacing. 
Clearly>  in  oz*der  to  increase  the  amplification  factor,  it  is  necessary 
to  increase  the  "density"  of  the  grid,  l.e. ,  to  decrease  its  penetrance. 

A  change  in  grid  fill  factor  is  achieved  either  by  changing  the  pitch, 
or  by  changing  the  diameter  of  the  grid  wire.  Similarly,  the  plate*«rld 
spacing  may  be  increased  in  order  to  increase  the  gad.n,  and  decreased 
to  decrease  the  gain. 

Over  a  coaqparatively  large  range  of  amplification-factor  variation, 
it  is  possible  to  ass^lme  that  it  is  a  linear  funotion  of  the  plate- 
grid  spacing,  all  other  electrode  dimensions  remaining  the  same.  OSiua, 
for  conversion  purposes,  it  is  possible  to  utilise  the  following  fozsnilai 


I  ^  V 

I  It*  -^) 

:  I*'  ' 


(10-14) 


In  this  fozwila,^'  and  r'^  are  the  gain  and  plate  dimension  of  the  known 
tube;y(^  "  is  the  required  gain,  corresponding  to  the  tinknown  quantity  r"^. 

In  order  to  change  the  gain  by  means  of  grid  pitch  and  grid*4rire 
diameter,  it  is  possible  to  utilize  a  formula  that  gives  sufficiently 
aoourate  results  where  the  tiianges  in  amplifioatien  faster  do  not  g# 
outside  of  the  15-'20  per  oent  range  t 


^  fj  \* 


(10-15) 


In  praotioe,  tube  paraaeters  are  oorreoted  MSt  frequently  by  changing 
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grid  dlmenalons,  since  It  Is  slnqpler  from  a  pxH>dxiotlon  point  of  view 
to  change  the  pitch  or  grid-wire  diameter  than  to  chamge  the  dlmenilons 
of  the  plate^  reqiiinng  the  manufacture  of  em  expensive  tool. 

Trlode  transconductanoe  may  be  corrected  either  by  changing  the 
grid-cathode  separation,  or  by  changing  the  active  length  of  the  cathode 
In  tubes  with  oxide-coated  Indirectly  heated  cathodes,  a  change  In  trans 
conductance  by  10-15  per  cent  may  be  achieved  by  changing  the  length  of 
the  oxide  coating.  In  this  case.  It  Is  necessary  to  use  the  fact  that 
the  value  of  the  transbonductanoe  Is  directly  proportional  to  the  active 
length  of  cathode. 

Since  the  transconductance  Is  strongly  dependent  upon  the  grld- 
oathode  separation,  the  normal  method  used  to  change  It  Is  a  change  In 
the  spacing.  Approximate  formulas  for  smUcing  conversions  In  grld-oathode 
spacing  take  i  the  follbwlng  fomx  < 

1.  9or  a  planar  electrode  system 


-(0 


(10-16) 

2.  For  planar  electrode  syatems  with  a  loop-t^pe  cathode 

(10-17) 

3.  Pbr  a  cylindrical  electrode  system 


I 

j 


sr 


■ 


(10-18) 


2 

In  t..ese  fozmulas,  the  quantities  and^^  refer  to  the  tube  with  the 
known  parameters,  which  has  a  transconductance  S*,  while  the  quantities 
r"^  and^2  are  the  unknowns  for  the  tube  with  a  preassigned  transoon- 
ductanoe  S".  lAien  changing  the  grld-oathode  separation.  It  Is  necessary 
to  keep  In  mind  the  fact  that  the  plate-grid  spacing  Is  changed  simul¬ 
taneously  and,  consequently,  the  trlode  amplification  factor  also 
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ohang»B.  It  iB  poBBlble  to  nogleot  thli  ohuige  only  wher*  the  plat«~ 
gpid  separation  oonsldezmbly  exoeads  the  grld-eathode  spaolng.  lAierei 
the  grld>4athode  spacing  Is  deoreased^  It  Is  neoessary  to  alloir  for  the 
possibility  of  an  Intenslfloation  of  the  "Island"  effect. 

nAode  and  pentode  design  aawunts  to  deteradnlng  the  geoaetrlo 
dimensions  of  the  tube  electrodes  from  the  given  charaoterlstlos.  Ihe 
Initial  magnitudes  Involved  In  the  coaputatlons  are  the  cathode  heating 
voltage  and  current,  the  plate  current  at  the  given  plate  and  screen 
voltages,  and  control -grid  bias,  the  transoonductance  at  the  operating 
point,  and  for  RF  tubes,  the  values  of  the  Interelectrode  capaoltances. 
Ihese  paz*ameters  are  now  always  explicitly  given,  nxus,  for  exasqple, 
the  basic  parameter  of  tubes  used  for  power  amplification  at  audio  or 
radio  frequencies  Is  the  useful  power  delivered  under  the  given  aavll- 
fler  operating  conditions.  In  such  cases.  It  Is  flxMit  necessary  to  de¬ 
termine  the  tube  parameter  required  to  provide  the  given  parametez>8  for 
the  circuit  In  which  the  tube  is  to  be  utilised,  by  means  of  an  analysis 
of  the  operating  conditions. 

!Ihe  functional  dependence  of  beam-power  tetirode  and  pentode 
parameters  upon  electrode  dimensions  Is  expressed  by  complicated 
equations}  here  the  same  characteristic  may  correspond  to  various 
combinations  of  electrode  dimensions.  Thus,  In  design  work  for  such 
tubes.  It  Is  necessazy  to  supply  certain  dimensions,  idilch  requires  a 
great  deal  of  experience  and  an  acquaintance  with  available  tube  de¬ 
signs.  Sufficiently  accurate  calculations  for  standard  tetrodes  are  In 
general  Impractical  to  carry  out,  owing  to  the  Igposslblllty  of  allowing 
for  the  effect  of  secondary  electron  emlSBlon  upon  the  division  of 
ourrents  In  the  tube. 

Tube  design  begins  with  the  choice  of  the  system  of  electrodes 
and  the  design  of  the  cathode. 

In  order  to  oogpute  control -grid  geometry.  It  Is  necessazy  to  find 


th*  •ff«otlv»  potential  TT^  and  to  aoloet  th«  oturantHUylalon  factor  k. 
Ihe  value  of  the  effective  potential  aay  be  detenlned  from  the  plate - 
current  and  tranaeoniuotance  equatlona  for  tetredea  and  pentodeat 


Ihe  ratio  of  plate  current  to  tranaoonduotance  oolnoldea  with 
the  eapreaalon  given  prevlotuily  for  the  ratio  of  diode  plate  current  to 
alope I 


i^=-U 

$  —  3  *• 


(10-19) 


From  thla  expreaalon.  It  la  poaalble  to  determine  the  effective 
potential^  knowing  the  plate  current  and  tranaoonduotanoe. 

Ihe  oholoe  of  current •^vlalon  factor  dependa  upon  the  given 
values  of  plate  and  screen  voltage>  tz«naconductanoe>  and  transfer 
capacitance^  and  la  made  by  analogy  with  known  tube  tjn^es. 

With  the  current -division  factor  select ed>  It  la  possible  to 
utilize  the  plate-current  equation  to  find  the  value  of  0,  which  la 
determined  by  the  dimensions  of  the  control  grid  and  cathode.  Next, 
the  grld-oathode  spacing  la  found  for  a  planar  system,  and  the  grid 
radius  for  a  cylindrical  system,  as  In  designing  a  trlode. 

In  order  to  oarjry  out  the  ooaputatlons  for  the  control -grid  — 
screen-grid  separation.  It  Is  necessary  to  know  the  penetrance  of 
the  control  grid.  For  RF  tubes.  In  which  the  effective  potential  Is 
determined  by  the  voltages  on  the  control  and  screen  grids,  the  value  of 
B,  may  be  found  from  the  eaq^saion  for  the  effective  potential 


(10-20) 


iih«ne« 


(10-21) 

the  qiuuitlty  that  la  the  reolpvaeaX  of  the  control  •^rld  penetranoei 
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la  called  the  trlode  aBg;>llfloatlon  factor.  In  dealgnlng  beaia*ipower 
tetrodea  and  pentodea  for  ahdio  fre<ittenelea^  thla  quantity  la  nonaally 
aivplled,  alnoe  It  deterulneB  the  ahlft  In  the  plate-grid  eharaoteriatlo 
ourre. 

With  the  value  of  trlode  anyllfloatlon  factor  detex«lned>  It  la 
neoeaaary  to  ohooae  the  pitch  and  thlckneas  of  the  control -grid  tium. 

Ihe  value  of  the  pitch  la  ao  calculated  aa  to  avoid  the  "laland" 
effect.  In  RF  tuhea^  In  order  to  deoreaae  the  Input  capacitance^  It  la 
dealrahle  to  move  the  screen  grid  further  away  from  the  control  grld> 
and  thus  the  grid  fill  factor  ahould  not  be  made  eapeolally  larse,  and 
In  any  case  ahotild  be  not  K>re  than  0.2-0.25* 

TTalng  the  known  geometry  of  the  control  grid  and  the  tz*lode  ampli¬ 
fication  factor^  we  find  the  acreen-oontrol  grid  spacing  very  simply, 
and  with  sufficient  accuracy,  from  Ollendorf >s  formula  (6-50).  Rearrang¬ 
ing  this  fonnula  for  the  case  under  consideration.  It  la  possible  to 
obtain  the  following  eapreaslon  for  the  unknown  gpaolng  between  the 
grids  I 

(10-22) 

In  thla  fonnxla,yU.^  la  the  trlode  amplification  factor  of  the  tube; 
t^  Is  the  contrel-grld  pltchj  T  and  are  functions  of  the  g]rt.d  fill 
factor  determined  according  to  the  graph  In  Rig.  6-28. 

Bbr  beam-power  tetrodes,  by  carrying  out  this  ealeulatlen,  wa 


eoaplttttly  specify  the  dimensions  of  the  screen  grld«  since  the 
screen-fP^d  pitch  eqwds  the  control -grid  pitch,  while  the  grid-wire 
diameter  will  either  equal  or  be  slightly  smaller  than  the  diameter 
of  the  control-grid  wire.  Wor  pentodes,  choice  of  screen-grid  penetrance 
Is  associated  with  two  basic  factom  providing  good  shielding  of  the 
plate  from  the  control  grid  In  accordance  with  the  predetermined  value 
for  the  transfer  capacitance,  and  the  value  of  the  current -division 
factor.  In  addition,  the  shape  of  the  plate  characteristic  curve  Is  a 
function  of  screen-grid  pitch  along  the  section  where  It  changes  over 
from  electron-rettim  to  direct  Interception  operation.  Suppressor- 
grid  geometry  In  large  degree  Influences  these  characteristics  In 
pentodes.  It  Is  cospllcated  and  not  very  aoourate  to  calculate  mathe¬ 
matically  the  optimum  screen  and  suppressor  dimensions  and  plate-screen 
sxMiclng.  Thus,  the  geometry  of  the  space  between  the  screen  grid  auid 
the  plate  Is  normally  fo^lnd  eiq>erlaentally  for  beam  tetrodes  and  pentodes. 
Here,  In  the  case  of  RP  pentodes.  It  Is  exceptionally  complicated  to 
decrease  the  transfer  capacitance,  which  leads  to  the  necessity  of 
choosing  as  small  as  possible  a  value  for^  the  grid  penetranoe.  POr  this 
puxpoae.  In  RF  pentodes,  the  screen-plate  spacing  should  be  Inoroamod, 
Insofar  as  acceptable  tube  dimensions  permit  this  to  be  done.  Ihese 
steps  cause  an  Impairment  In  the  shape  of  the  plate  curve;  the  begin¬ 
ning  of  the  flat  section  of  the  oharaoterlstBss  Is  shifted  toward  higher 
plate  voltages. 

In  selecting  the  geometry  of  the  screen-grid  —  plate  spacing  In 
audio  pentodes,  especial  attention  should  be  paid  to  Increasing  the 
ottrrent -division  factor,  and  obtaining  a  8han;>er  transition  point  on 
the  plate  otirve.  In  order  to  do  this,  the  screen-grid  fill  factor  Is 
made  small,  on  the  order  of  0.08-0.12.  Oho  soreen-snippressor  separa¬ 
tion  and  the  suppressor-plate  separation  sheold  be  made  small,  dearly. 
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th»  ■or«ttn~Buppr»iiop  spacing  wMy  b«  ooaputed  froa  th«  fomulUi  Tor  the 
current  •'diviilon  factor^  If  the  pitch  and  wire  dlaaeter  have  been  chosen 
for  both  grids.  Showing  the  plate nnippMsser  separation,  which  noraally 
will  be  s«Mwhat  laxver  than  half  the  grid  pitch.  It  is  possible  to  de- 
texaine  the  penetrance  of  the  suppressor  and,  conse^ittently,  the  effective 
potential  In  the  plane  of  the  suppressor  grid.  Froa  the  fezanla  far 
ounsmt  divlalon,  the  value  of  la  deteralnedt 

(10-23) 

while  r^2  Is  found  on  the  basis  of  foxnulas  (8-8)  and  (8-^)  for  C^. 

In  practice.  It  Is  frequently  necessary  to  correct  the  cunrent 
distribution  on  the  basis  of  specluen  aodels  of  the  tubes.  Ihe  sluplest 
aethod  for  correcting  current  distribution  Is  to  change  the  screen- 
grid  fill  factor.  Where  the  dlaenslons  of  the  reaalnlng  electrodes  re- 
aaln  unchanged,  the  screen-grid  fill  factor  a  g  required  to  obtain  the 
necessary  current -distribution  factor  kg,  aay  be  detendned  aecording 
to  the  following  fonmlai 


;  (10^4) 

e| 

where  a,  ^  and  k^  are  the  fill  and  current  •distribution  factors  for  the 
Upeciaen  aodel  under  investigation. 

Of  practical  interest  is  the  recalculation  of  the  screen-grid 
fill  factor  in  order  to  change  the  current  distribution  while  aaln- 
talnlng  the  grid  penetrance  constant.  As  we  have  already  shown,  upon 
recalculation  of  the  asplifioatien  factor,  it  is  possible  to  asks  use 


of  (10-15) 
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It  folloiTB  from,  this  •hprstsien  that  oonatant  aapllHeatlon  factor 
(or  yonstranso)  should  raaalt  wlwn  the  foUoMlhg  Ofttatlon  is  ohtalnsdi 

sinM 

atuatlon  (10-fi3)  aaj  bo  vrltton  in  tha  fisllowlns  fscnst 

!  (10-25a) 

Substituting  Into  this  oquatlon  tha  taluo  of  fraa  aupswaian  (10>^4} 
and  Blii#llf7lng«  wa  abtaint 


(Ff  (7^- 


•  =  «, 


(10-425) 


€ 


*s— 1 
'  •  k,  ~r  *  • 


(10-26) 

It  Is  olaar  froa  relationship  (10-26)  that  In  erdor  to  Inaraaao  the 
ourrent -distribution  faotor  uhlle  iBKlntalnlng  the  soreen-«x^d  pena- 
tranoe  constant^  It  Is  necessary  to  decrease  the  screen*«rld  pitchy 
which  entails  a  slmiltaneoixs  decrease  In  the  dlaaater  of  tha  grid  wire, 
Plate  design,  Ihe  amount  of  power  dissipated  by  the  plate  at  Its 
— -yiiwi  pezadsslble  tssq^rature  consists  of  the  power  carried  to  the 
plate  by  the  electrons  (the  plate  currant)  and  tha  power  absorbed  by 
the  Inner  surface  of  tha  plate  owing  to  radiation  of  Interior  tube 
elerants  -  cathodes  and  plates.  Ohder  steady-atata  eaiiiiiltlaBa«  the 
power  dissipated  by  tha  plate  will  equal  t 


(10-27) 


where  P^  Is  the  cathode  heating  power;  P^  Is  the  power  radiated  by 


the  grids;  and  are  faatcdPS  Indicating  tha  relatlra  proportions 
of  power  radiated  by  tha  eathoda  and  grids  raspeotlTely  that  is  ab- 
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•orbiid  by  the  plete.  Uie  ooefflolentB  and  q^  are  atrongly  dependent 
tq^ea  ttibe  geoieetry  and  the  propez>tleB  of  the  inner  Burfaoe  of  the  plate. 

In  oylindrioal  Btxmoturee  (or  nearly  oyllndrloal  Btz*uotureB )  > 
ehere  the  length  of  the  plate  oonalderably  exoeede  the  intereleotrode 
apaoinga^  where  oloeed  plate  Btruoturea  are  uaed^  It  la  poBBible  to 
aastuae  that  q^  »  1.  Ghe  aeaie  la  txnie  with  reapeot  to  q^  where  the  oon- 
dltiona  prevailing  are  auoh  that  the  grida  do  not  have  radiators  to 
iaprove  cooling.  With  open  plate  structurea^  and  where  the  length  of 
the  plate  approxinates  the  plate^^athode  apaoing^  the  ooeffioients  qy^ 
and  q^  prove  to  be  conaiderably  less  than  1.  Ghe  power  radiated  by  the 
plate  oonaiata  of  the  power  radiated  by  its  outer  surface^  and  the 
power  radiated  by  its  inner  surface.  Ghe  relationship  between  the 
■agnitudes  of  the  powers  radiated  by  the  inner  surface  and  the  outer 
aurface  depends  upon  the  ratio  of  the  length  of  the  plate  to  its 
diaaeter.  litor  a  plate  length  that  is  five  times  the  diameter  (or  the 
span  for  oval  and  planar  designs),  the  power  radiated  by  the  inner 
surface  does  not  exceed  10  per  cent  of  the  total  power  radiated  by  the 
plate,  and  it  may  be  neglected. 

In  order  to  insure  that  the  plate  teiqperature  does  not  exceed 
pendasible  values  \inder  steady-state  conditions,  the  plate  should 
m  a  radiating  surface  that  is  adequate  to  dissipate  all  of  the  in¬ 
coming  power  at  this  temperature.  Die  alee  of  this  surface  is  detezmlned 
in  tezvB  of  the  ratio  between  aH  power  radiated  to  the  p<m»r  radiated  v 
per  of  plate  material  at  the  given  tetsp«z«l^vre  t 


I 


(10-28) 


*  ^^ss  *'  ^lal  “  ^Isluohenlye  “  ^radiation*  ^ 
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KABUB  lOS 


Q  MarcpaM  MnM 

- 9 - 

AoaycTsiiaa 

TCMot^Typa, 

Aoiydranag 
yAtdMta  A 

yooMMCTb  V 

Buul  HHicejik . .  .  .  i  .  . 

Sewl  nHKejib  •  jiannax  c  okchammm  xaro* 

700-850 

i,0-1.5 

.  AOM  . 

400-450 

0, 2-0,3 

’MapnaaMl  hhkca . .  •  . 

tMepMHMt  MMKeA  •  Jiannax  c  okchahwm 

700-850 

2.8-4.2 

XaTOAOM . 

400-450 

0.8-1. 2 

MoJK(ACm'  flMMi . 

1  100-1 150 

4*0— 6*0 

MojnKiMR  uipKompouwMl  .  . . 

900-950 

8,0-10,0 

8,0-8> 

45.0~8i,0 

Tutu . 

1  250-1300 

.  . 

1  400-1000 

1)  Pla,t«  material;  2)  permlaalble 
teiiq?e3*ature,  ®C;  3)  peanalaslble 
•peolflo  power  watt/om^; 

4)  white  nlokel;  3)  white  nickel  In 
tubes  with  oxide -coated  cathode; 

6)  cazHbonlaed  nlokel;  7)  carbonized 
nlokel  In  tubes  with  oxide-coated 
cathode;  8)  oolybdenum,  white; 

9)  zlrconiiun-coated  molybdenum; 

10)  tantalum;  11)  graphite. 


Qie  values  of  P^^  for  various  materials  are  shown  together  with 
the  pendBSlble  teiq>erattires  In  Table  10-2. 

The  values  given  In  the  table  for  the  peznlsslble  speelflo  power 
are  correct  for  an  ambient  twgperatXLPe  of  20^0. 

Pbxmila  (10-28)  Is  used  to  ooipute  the  required  radiation  surface; 


It  Is  also  possible  to  oaXoulate  the  surfhee  area  of  the  plate  oeellng 


fins. 


(10-29) 

In  plate  design.  It  shefold  be  aemsmed  that  both  sides  of  a  fin  ax« 
radiators. 


*  t^p  **  ^r  “  ^rebro  "  ^fln*  ^ 
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Bnvelopt  d>ilgn«  All  of  the  power  liberated  In  a  tube^  with  the 
exception  of  the  heat  carried  off  by  the  leads ^  1b  applied  to  the 
envelope.  In  turn,  the  envelope  tranBalts  this  power  Into  the  surround¬ 
ing  space,  flMt,  owing  to  convective  cooling,  and,  second,  owing  to 
radiation.  In  the  saijorlty  of  tube  designs,  the  power  carried  off  by 
the  leads  way  be  neglected  In  approxlaate  calculations  pertaining  to 
envelopes.  The  connection  between  the  power  given  up  by  an  envelope  and 
Its  tenperature  under  noz«al  atHBspherlo-pvessuze  conditions  Is  estab¬ 
lished  by  the  equation 


i  ( 7*6 '  r.)  ^ f .« ( r;  -  r! ).  * 


(10-30) 


In  this  equation,  Is  the  aablent  tMperature,  Is  the  wean  envelope 
teBq;>erature,  A  Is  a  coefficient  detexwLned  by  envelope  geoaetry;  la 
the  total  envelope  surface; €  Is  the  radiation  coefficient  for  the 
envelope!  and  (T  Is  the  Stefan-fioltzaauin  constant.  Ohe  first  tern  In 
Eq.  (10-30)  detezBlnes  the  power  delivered  as  a  result  of  convection, 
and  the  second  the  radiated  power. 

The  geoaetrie  factor  A  aay  be  found  frca  the  expression 


A=  1.08.  +  0,197. 10-dJ, 


(10-31) 


where  3^  Is  the  length  of  the  envelope,  oa;  d^  Is  Its  disaster,  ca; 
y3  Is  a  function  of  the  length  of  the  envelope  cylinder,  as  shown  In 
the  graph  of  Fig.  10-^.  !lSie  radiation  coefficient  €  la  aaauaed  to  equal 
0.92  J  for  glass  and  0.6  for  aetal  envelopes. 

A  direct  solution  to  Bq.  (IO-30)  Is  difficult.  Urns,  In  finding 
the  aean  tcapcrature  of  envelopes.  It  Is  neceaaary  to  utlUxc  the 
asthod  of  Bucceaslve  fvproxlaatlon.  The  first  ^pprooclaatlon  Is  obtained 


*  “  ^b  “  ^ballon  “  ^envelope*  ^ 
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I'^K*  10-^.  Oni]^  of 

ttot  funotlon  p . 


fnm  tho  otUKtlon 


I  ^6-^6- 


A  (Ta  -r,)  +FM(Ts  r-T^l  -  />« 
2. 

|y4<r;  -ry  +  *F^,c(Tt)‘ 


(10-32) 


ithore  T*^  lo  mn  ai4>ltx«irll7  ohesan  v»lut  of  onvolepo  to^porftturo* 

In  pxwotiooji  it  Is  oonvoniont  to  choose  this  valtw  within  the  350«400^K 
range.  If  the  calculation  Is  carried  out  on  tho  assoiptlon  that  the 
otblent  temperature  Is  room  tssqperaturo  300^1:),  then  for  the 

llrst  approxlBatloni)  fezsula  (10-32)  tmj  bo  written  In  simplified 
form 


r'-inn  + 

WW—  o,3B6/<  +  1.4*f,« 


(10-32a) 


nie  second  approxlaatlon  Is  obtained  by  substituting  the  value  T''^^ 

Into  Iq.  (10-32)  In  place  of  T>^.  In  the  Majority  of  oases  ^  even  the 
first  approxlaatlon  will  give  a  tesperature  value  that  Is  sufficiently 
close  to  the  true  tesq^rature. 

Qie  tesperature  of  glass  envelopes  should  not  exceed  120-180^0 
(390-450^K).  Ihe  teaqperature  of  astal  enyelopes  Is  llalted  by  the 
temperature  at  which  the  laoquer  coating  on  the  envelopes  will  bum 
off. 
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10-6.  TDBES  FOR  ELBCTRIOAL  MEASUREMENTS, 


In  oodem  solentiflo  rttsearoh  and  in  the  teohnology  of  aionltoring 

several  physical  processes^  it  frequently  proves  neoessary  to  Bsastura 

-12 

dlreot  electric  currents  of  very  saall  vmlites^  on  the  order  of  10  - 

10  aaq;).  It  is  very  difficult  to  sake  Instruaents  that  will  yield 
dlreot  readings  of  such  currents,  and  thus,  such  aeasurejaents  are 
noraally  perfexved  hy  Indlreet  aathods.  One  of  the  most  oenon  and 


current. 

OQsparatlvely  slaqple  Methods  Is  the  detezvlnatlon  of  current  value 
In  texets  of  the  voltage  drop  created  by  the  current  across  a  known 
very  high  resistance.  Ihe  sensitivity  of  this  aothod  of  aeasureasnt 
will,  evidently,  be  higher  the  higher  the  resistance  In  the  olroid.t 
with  the  aeasured  ouirrent. 

Ihere  are  no  standard  Instruaents  for  aeasurlng  the  difference  In 
potential  between  the  ends  of  a  resistance  connected  Into  such  a  circuit, 
since  the  Internal  resistance  of  the  meter  turns  out  to  be  considerably 
lower.  Oonseq:ttently,  In  oxder  to  awasure  the  potential  difference  creat¬ 
ed  by  the  measured  current.  It  Is  neoessary  to  have  meters  with  very 
high  Input  resistances  j  these  Instmaents  should  operate  without  draw¬ 
ing  energy. 

A  circuit  for  such  an  Instrument  using  an  electron  tube  Is  shown 
In  Fig.  10-28.  Ihe  ends  of  the  measuring  resistor  are  oonneoted 

*  “  \s  “  ^smerltel'nyy  **  \»asurlng*  ^ 


thft  tube  inputs  l*e.  j  to  the  tube  gTld^  and  thua  In  addition  to  the 
donatant  blaa  voltage  the  voltaga  aa2*o«a  realator  appetra  on 
the  grid.  ■agnlttida  ef  thia  roltaga  will  he 

'  (10-33) 

ahere  la  the  dlreot  oisnwnt  being  aaaauxwdi. 

In  the  plate  olroult  of  the  tuhe^^  ffEqpplled  fron  the  aouroe 
the  galvanometer  Q  la  oonneoted  In  aerlea  with  the  variable  realator 
Rg*  If  rialator  Rg  Internal  realatanoe  of  the  galvancowter  are 

aaall  In  oosparlaon  with  the  Internal  realatanoe  of  the  tube^  aa  la 
noimally  the  oaae>  and  the  plate  ourrent  la  aaall>  then  the  voltage 
drop  aoroaa  the  aerlea  olroult  formed  by  the  galvanometer  and  realator 
Rg  may  be  negleoted,  and  It  may  be  aaaumed  that  the  tube  la  operating 
under  atatlo  oondltlona.  In  the  abaenoe  of  ourrent  throui^  the  aeaaur- 
Ing  realatanoe^  the  valtie  of  the  plate  ourrent  will  be  detezmlned  by  the 
plate  voltage  B^  and  the  blaa  B^.  In  parallel  with  realator  Rg  la 
oonneoted  the  oonpenaatlng  voltage  aouroe  B^^  for  whloh  Rg  aorrea  aa  a 
potentiometer  where  the  galvanometer  la  oonneoted  to  thla  potentiometer 
through  the  realator  Ihe  voltage  taken  from  thla  galvanometer  aeta 
up  a  ooiqpenaatlng  oxirrent  In  the  galvanometer*«ealator  1^  olroult, 
whloh  In  the  galvanometer  haa  a  dlreotlon  oppoalte  to  that  ef  the 
plate  ourrent.  By  moving  the  wiper  of  pohentleamter  Rg#  It  la  poaaible 
to  aet  the  ooaQ>enaatlng  ourrent  ao  that  It  equala  the  plate  otuvent 
in  the  abaexi.e  of  oxxrrent  through  the  meaauring  reaiatanoe.  Uhtll 
ourrent  appeara  through  the  Maauring  reaiatanoe,  the  galvanometer 
needle  will  Indloate  aeiw.  Reaiator  ahould  be  oonaiderably  larger 
than  the  Internal  reaiatanoe  of  the  galvaneamter  and  reaiatanee  Rg  in 
order  for  branohing  of  the  plate  ourrent  threngh  the  aerlea  elreuit  1^- 


to  be  negligible. 


Vlhcn  ourzvnt  flows  throtiji^  th*  asajurlng  reslstanoe^  the  voltage 
on  ttie  grid  ohanges  by  an  saount  and  as  a  result^  the  flats  oiirrent 
ohanges  by  an  amount  whioh  will  be  risiatere4  by  the  galvanowter. 

Ibe  aagnl tilde  of  the  flate«<eiir»ent  ehange  equals  i 


A/.=s«..  (10-34) 

where  8  is  the  transoonduotanoe  of  the  tube. 

Substituting  for  u^  fraa  It*  (10-33)#  ue  obtain 

(10-35) 

where  the  Mgnltude  of  the  eeasured  eurvent  efualat 


Ihus^  knowing  the  tube  transoonduotanoe  at  the  oferatlng  pblnt.  It  Is 
possible  to  deteralne  the  eagnltude  of  the  ourrent  flowing  through  the 
■easurlng  reslstanoe.  For  exasqple,  '  f  the  value  of  the  aeasured  ourrent 
is  10*^^  sap#  the  value  of  the  aeasurlng  reslstanoe  10^^  ehas^  and  the 
operatlng«i;>elnt  transeonduotanoe  lOO^Ua/v,  the  ehange  in  plate  ourrent 
will  eqaalt 

A/,=  100l0-*I0-'*l0»  =  l0-’a=l0#t/«o  * 

and^  oensequently,  it  aay  be  aeasured  with  a  standard  aloroaaaeter. 

The  higher  the  tube  transeonduotanoe^  the  greater  sensitivity 
this  olroult  will  have  In  aeasurlng  saall  ounents.  An  Increase  In 
sensitivity  aay  also  be  aehleved  by  inereaslng  the  value  of 
asTlaua  value  of  the  aeasurlng  reslstanoe,  however,  and,  eeneeqaently, 
of  olroult  sensitivity  Is  Halted  by  the  tube  grid*«urrent  value. 


*  [aka  -  alkroaaper  -  aloroa^^re.  ] 
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With  the  olroult  Jtuit  dliouesed^  used  to  aeaeux^  nudl  ourrentej 
it  iB  ABBtoetd  that  with  a  eonataht  negative  grid  potential,  the  aagnl*> 
tude  of  the  girld  ottrrent  will  be  or  in  any  oaae  BubBtantlally 

leas  than  that  of  the  sMunired  ourrent.  For  the  luijority  of  ooaaon 
receiving •^ovllfylng  tubea^  the  grid  current  tuma  out  to  be  conaider- 
ably  higher  than  the  penalBBible  value.  Ctonaequently^  for  uae  in 
clrouita  ■eaauring  aeall  ourrenta>  apeoial  tubea  are  required  with  grid 
ctirrenta  not  exceeding  10“^^-10"'^^  aa^.  Such  tubea  are  oaUj^d  electrlc- 
Be taring  tubea. 

In  deaigning  electric nae taring  tubea,  it  la  neoeaaary  to  know  the 
factera  cauaing  grid  current  to  i^pear,  and  the  maaerloal  valuea  of  ita 
coaeponenta.  In  general,  grid  current  haa  nany  varlotia  ooeponenta,  of 
which  the  ooat  aignlfloant  are  leakage  currenta  along  inai^^atlon, 
electron  grid  ctirrent  owing  to  the  initial  velocltlea  of  electrona^ 
aaitted  by  the  cathode,  and  the  eleotron>-eaisfiion  current  tvam.  the 
grid  Burface.  In  addition,  under  apeolfic  cendltlona,  there  aay  be  a 
conaiderable  ion  current  appearing  aa  a  reault  of  ionization  of  realdiuCL 
gaaea  In  the  tube,  and  a  current  of  poaitlve  Iona  eailtted  fToa  the 
cathode.  Reaearch  haa  ahown  that  the  two  laat  factora,  with  a  noxval 
vacuuBi  in  the  tube  (10*'^«10‘^  m  Hg)  and  where  the  oxideM)oated  cathode 
la  not  at  a  very  hl£^  temperature,  have  no  aubatantlal  effect  iqpon  the 
■agnitude  of  grid  currenta. 

A  decreaae  in  the  leakage  currenta  appearing  in  the  preaenoe  of  a 
potential  difference  between  the  grid  and  other  electrodea,  owing  to 
inadequate  Inatallation  realatanoe,  aay  be  achieved  by  aeana  of  a  aet  of 
deaign  and  production  Beaaurea.  Aaong  theae  Beaaurea  are  the  followings 

1.  Increaaing  the  reaiatance  of  aiea  inaulatora  by  apeoial  pro- 
oeaaing,  for  exaaqple,  by  aeana  of  an  alunduB  coating  on  their  aurfaoe. 

2.  InoiMBing  the  leakage  patha  by  deaigning  the  inanlaton  with 
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Slg.  10-29*  Example  of 
■ountlng  of  olootTOdoii  of 
an  «leotrlo-«ounur!LnK  tub* 

Into  Insulaton* 

1]  GMLd  tTavanwa;  2}  oatbodo; 

3)  equipotontiai  eloatsradesi 

4 )  plate. 

notohea  between  aotintlng  holes  for  eleotrodes^  and  by  decreasing  the 
perloeter  along  whloh  the  grid  Is  In  contact  with  lnsulatoz>B.  QSie  grid 
lead^-as  a  rxtle>  Is  brought  out  through  the  top  of  the  envelope. 

3.  Utilisation  In  tube  design  of  the  principle  of  equal  poten¬ 
tials^  whloh  consists  In  locating  conductors  along  leakage -current 
paths;  these  conductors  have  a  constant  potential  equal  to  the  grid 
potential.  Pig.  10-29  shows  an  exaaple  of  an  actual  design  for  TOxmtlng 
the  grid  of  an  elec  trio -aieterlng  tube^  utilizing  this  principle.  Qxe 
grid  Is  mounted  on  a  separate  (external)  Insulator  mounted  on  a  second 
Insulator^  In  whloh  are  placed  the  cathode  and  the  plate  travez>seB^ 
with  the  aid  of  metal  traverses  and  discs  to  whloh  a  potential,  eqtial 
to  the  potential  of  the  grid  Is  applied  (the  lower  block  of  Insulators 
Is  similar  to  the  tq;>per  block). 

4.  As  Insulator  resistance  Is  Impaired  basically  owing  to  the 
deposition  of  conducting  films  iqpon  the  Insulatoam  during  production 
processing  of  the  tubes.  It  Is  necessary  to  reduce  the  teqperature 
Involved  In  heat  treatment  of  tube  pairts,  and  primarily  as  regards  the 
cathode.  Ihus,  cathodes  are  utilised  in  eleetrtc '  measuring  tabes  at 
lowered  ts^peratures. 


Ihe  measures  discussed  makes  it  possible  to  decrease  the  leakage 

-14  -1*5 

currents  to  the  values  required,  on  the  order  of  10  -10  amp.  In 

many  oases.  It  t\ims  out  that  It  Is  enough  to  carry  out  only  soaw  of  the 
measures  described. 

nie  magnitude  of  the  electron  gz>ld  current  depends  upon  cathode 
tempez>ature,  which  determines  the  distribution  of  the  Initial  velocities 
of  thermal  electrons,  and  the  grid  potential,  allowing  for  contact 
potentials.  At  a  cathode  ten^erature  that  Is  not  too  high  (SOO-^OO^K) 
with  adequate  retardation  of  the  electrons  emitted  by  the  cathode, 
there  Is  an  adequate  bias  on  the  grid,  on  the  order  of  -1.5  to  -2.0  v. 

Very  great  problems  are  caused  by  electron  emission  fz^m  the 
surface  of  grids.  Uie  basic  type  of  grid  electronic  emission  Is  photo- 
emlsslon,  caused,  first,  by  radiation  from  the  heated  cathode  and, 
second,  by  extremely  soft  X-rays  appearing  upon  retardation  of  the 
electrons  azrrlvlng  at  the  plate.  Thermionic  emission  from  the  cold 
grids  of  electric -metering  tubes  Is  practically  nonexistent. 

Ihe  magnitude  of  photoelectric  emission  depends  upon  the  Intensity 
of  the  radiation.  Its  spectral  composition,  and  the  surface  area  and 
surface  properties  of  the  grid.  Tbe  Intensity  and  spectral  composition 
of  the  radiation  of  the  cathode  Is  determined  by  the  cathode  temperature. 
A  decrease  In  temperature  to  a  value  on  the  order  of  600-900^K,  with  a 
sufficiently  small  grid  surface  will  decrease  the  photocurrent  resulting 
from  cathode  radiation  to  a  value  on  the  order  of  10“^^-10“^^  axp.  It 
Is  not  possible  to  drop  the  tenqperature  further,  since  In  tills  oasm 
there  will  be  a  sharp  drop  In  cathode  emission. 

Ihe  Intensity  of  very  soft  X-rays  from  the  plate  will  depend  upon 
the  magnitude  of  the  plate  current  and  plate  voltage  of  the  tube. 
Theoretical  and  experimental  Investigations  carried  out  by  Th.  F. 
Zarutskly  have  led  to  the  following  equation  i 
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(10-36) 


irhe]?e  1b  th«  photoourrent j  la  the  plate  ourrent  of  the  tube, 
which  oauaea  the  very  soft  X-raya;  U  la  the  plate  voltage;  Z  la  the 

A 

atomic  mudber  of  the  plate  material ;(p  ^  la  the  grid  work  function; 

0  la  a  geometric  factor  that  dependa  upon  the  dlmenalona  of  the  grid- 

plate  ayatem. 

Since  the  values  of  plate  ourrent,  plate  voltage,  and  the  minimum 
neceaaary  negative  blaa  are  directly  connected  with  the  tube  oharaeter- 
latloa  —  the  tranaconductance  and  the  amplification  factor,  there  la 
alao  a  direct  connection  between  the  oharaoterlatlca  of  an  electric- 
metering  tube  and  the  value  of  grid  ourrent.  In  other  wojpda,  the 
minimum  permlaalble  value  of  grid  ourrent,  detendned  baaloally  by  grid 
photoemlaalon,  aaaoolated  with  the  very  aoft  radiation  from  the  plate, 
dependa  upon  the  tube  charaoterlatloa. 

It  la  clear  from  Eq.  (10-36)  that  In  order  to  deoreaae  the  grid 
photoemlaalon.  It  la  primarily  neceaaary  to  drop  the  plate  voltage. 

Ihua,  electric -metering  tubea  operate,  as  a  rule,  at  plate  voltages 
below  10  V.  In  order  to  obtain  an  adequate  tranaconductance  at  such 
low  plate  voltages.  It  la  necessary  to  design  tubes  with  low  amplifica¬ 
tion  factors.  Ihua,  electric -metering  triodea  have  penetrances  close  to 
&ne.  An  IncMasid  tranaconductance  with  high  gain  may  be  ohtaiZi.ed  in  a 
tetrode. 

In  electric  HWterlng  tubes.  In  order  to  obtain  the  required  value 
of  tranaconductance,  the  tetrode -with -cathode -grid  conatzniotlon  la 
employed.  Ihe  operating  principle  of  such  tubes  consists  In  the  fact 
that  there  la  a  single  grid  between  the  control  grid  and  the  cathode, 
at  a  positive  voltage  equal  to  or  aomawhat  leas  than  the  plate  potential. 

*  ^  "  ^fototok  ”  ^hotoourrent*  ^ 
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TABIB  10-3 


1)  Tub*  dtiignationj  2)  typ*  of  trobo; 

3)  V,  4)  K,,  V)  5)  I,,  a*; 

6)  a,jHM./rs  7)  BI-31  8)  BM-4)  9)  t*tr«te 
irlth  oathodtt  grid;  10 )  tzdode. 

Tbo  presenoo  of  the  poeltive  grid  leads  to  a  decrease  in  the  absolute 
value  of  the  potential  mlnisrun  In  the  space -charge  region  near  the 
cathode  4  which  In  turn  provides  an  Increase  In  plate  currents  and  tube 
transconductanoe.  Olie  effect  of  the  control  gz>ld  In  an  electric -ae taring 
tetrode  with  a  cathode  grid  Is  similar  to  the  action  of  a  pentode 
suppressor  grid  In  a  dual -control  pentode.  A  change  In  control*«zd.d 
potential  causes  a  change  In  plate  current  owing  to  redistribution  of 
cathode  oui?rent  between  the  plate  and  the  cathode  grid. 

Ih*  utilization  of  control  grids  having  small  grid-wire  diameters 
with  large  penetrances  makes  It  possible  to  bring  the  control  grid  near 
to  the  cathode^  and  as  a  result,  to  obtain  an  Increase  In  diode  trans- 
oonduotanoe.  On  the  other  hand,  the  presence  of  a  positive  cathode  grid 
In  tetrodes  with  cathode  grids  Increases  tube  grid  current  owing  to 
additional  very  soft  radiation  from  It.  Thus,  designing  of  electric- 
metering  tetrodes  with  cathode  grids  Is  evidently  not  very  promising. 

Thus,  the  basic  struot\iral  features  ef  electric -awterlng  tubes 
are  low  cathode  temperature,  which  Is  possible  only  where  oxide -coated 
cathodes  are  utilized;  Insulator  construction  providing  low  leakage 
currents,  low  plate  voltages,  and  small  control-grid  siu^fao*. 

The  characteristics  of  certain  types  of  domestio  electric-swtering 
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tub«B  are  given  In  Table  10^3. 


10-7.  TDHES  TTTILIZINa  SECONDARY  EMISSION  OP  ELECTRONS. 

One  of  tha  Boat  proBlalng  mathoda  for  Inoraaaing  the  tranaoon- 
duotance  of  receiving -aapllfylng  tubea  la  the  utilization  of  aeoondary 
electron  ealaalon.  Let  ua  conaider  the  proceaaea  occurring  In  tubea 
with  aecondary-electron  ealaalon^  for  exanqple,  the  tube  whoae  arrange¬ 
ment  la  ahown  In  Pig.  10-30.  Die  tube  haa  an  Indirectly  heated  cathode 
and  two  gride  t  a  control  grid  and  a  acreen  grid.  The  atream  of  eleo- 
trona^  leaving  the  aecond  grid,  are  directed  toward  an  electrode  called 
a  dynode,  to  which  la  applied  a  high  poaltlve  potential  (on  the  oz*der  of 
130  v).  vnien  a  atream  of  electrona  movea  to  the  dynode.  It  la  focuaed 
with  the  aid  of  focuelng  traveraea,  connected  with  the  cathode.  Thla 
focualng  of  the  atream  la  neceaaary  In  order  for  the  primary  beam  of 
electrona  not  to  fall  directly  on  the  anode,  which  la  ahaped  aa  a  flat 
plate  and  located  within  a  dynode. 

The  Inalde  aurface  of  a  dynode  la  treated  In  order  to  Inoreaae 
It a  aeoondary -end aalon  coefficient;  thla  prooeaa  ahould  provide  adequate 
atablllty  of  the  dynode  In  time  under  extended  electron  boabaz*dment, 
and  tinder  the  action  of  contamlnanta  leaving  other  eleotrodea  In  the 
fr  of  duat.  Naterlala  for  manufacturing  dynodea  may  be  varloua 
se  ^nda]*y-eleotron  emitters  having  aecondary-^sLaalon  ooefflelenta  on 
the  order  of  2.5-3. 5. 

The  atream  of  electrons,  arriving  at  a  dynode,  causes  emission 
of  secondary  electrons.  Since  the  anode  potential  la  about  100  v 
higher  than  the  dynode  potential,  the  secondary  eleotrons  awve  toward 
the  anode,  forming  an  anode  current.  The  dynode,  thus,  beoomas  a 
source  of  eleotrons,  creating  a  space  charge  between  the  dynode  and 
the  plate.  Where  the  anode  voltage  la  close  to  the  dynode  potential. 
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KLg.  10-30.  A  tube 
utilizing  seoondary 
electron  eiCLealom 
l)  Foottfllng  travera- 
ea;  2}  plate] 

3)  dynode. 


Fig.  10-31.  Faadly  of 
plate  oharaoteriatlo” 
ouznrea  for  a  tube  with 
aecondairy  electron 
ealaalon. 


this  apace  charge  aeta  up  a  potential  alnlMum  In  the  plate-dynode 
apace*  which  leada  to  partial  ret\im  of  aecondary  electrona  to  the 
dynode.  An  Increaae  In  anode  voltage  oauaea  a  rapid  rlae  In  anode 
current  owing  to  reaorbtlon  of  the  apace  charge.  VIhen  the  anode 
current  become a  equal  to  the  aecondary-emlaalon  current  from  the  dynode* 
there  la  no  further  rlae  In  It  aa  anode  voltage  goea  up.  Figure  10-31 
ahowa  an  example  of  a  family  of  anode  oharaoterlatlca  for  a  tube  with 
aecondary-electron  emlaalon.  Where  the  anode  voltage  la  lower  than  the 
dynode  potential*  there  la  no  anode  current*  alnoe  the  aeoondaz*y 
electrona  are  retximed  to  the  dynode  by  the  electric  field  aet  iq>  in 
the  dynode -anode  apace. 

If  we  dealgziate  the  ciurent  flowing  to  the  dynode  from  the 
cathode  by  I^*  then  the  magnitude  of  the  aecondary-emlaaion  current* 
which  with  aufflclent  voltage  on  the  anode  equala  the  anode  current* 


nay  be  found  from  the  following  expreaalont 

/.=  4.  ==,/,. 


(10-37) 
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dynodt  eurrent  1b  defined  ui  the  dlffex«noe  between  the  prtjuu^- 
eleotzw>n  ourrent  to  the  dynode  and  the  anode  oarrentt 

I /,=/,-/,  =  /.(l-<i).*  (XO-38) 

VIhere  the  Beoondary-ealBBlon  ooefflolent  d’ Is  larger  than  1,  the 
dynode  ourrent  1b  negative  (provided  that  the  anode  voltage  1b  high 
enough). 

Plgure  10-32  BhowB  eaeple  grid  oharacterlBtlo  ourveB  Indloatlng 
the  dependenoe  of  the  anode  ctirrent  and  the  dynode  ourrent  upon  flrat- 
grld  voltage  with  oonetant  vc^tageB  on  the  eeoond-grld,  dynode,  and 
anode.  Ab  1b  olear  fz^m  the  ourve,  ae  the  flret-grld  voltage  InoreaseB, 
there  la  a  BlmultaneouB  zd.Be  In  anode  and  dynode  ourrentB. 

Ghe  anode -gz>ld  tranBoonduotanoe  of  the  tube  dependB  not  only  upon 
the  geometry  of  the  oathode  and  flrat  grid  and  the  ourrent  dlvlBlon, 
as  iB  the  oaBe  for  a  tetrode,  but  alBo  upon  the  Beoondaz^-emlBBlon 
ooefflolent  of  the  dynode  Burfaoet 


1C  __  rf/ 1  A 


(10-39) 


where  1b  the  tetrode  transoonduotanoe  of  the  tube,  Indloatlng  the 
effeot  of  a  ohange  In  flrBt>«rld  potential  on  the  magnitude  of  the 
prlmazy  Btream  of  eleotrona.  OSma,  utilising  Beoondary  eadaelon.  It  la 
poBBlble  to  obtain  an  Inorease  In  tranaoonduotanoe  In  coaparlaon  with 
a  tetrode  of  almllar  dealgn  by  a  factor  of  (f. 

In  like  manner,  we  may  find  the  tranaoenduotanoe  for  the  dynode- 
grld  ayatemi 


(10-40) 


*  “  ^d  “  ^dlnod  “  ^dynode*  ^ 


Pig.  10-32.  Plate -grid 
oharaoterlatle  ourrea 
of  tube  secondary 
electron  esiiasion. 


Pig.  10-33.  Dynode 
characteristic  curves 
of  tube  with  secondary 
electron  emission. 


In  order  to  obtain  the  best  tube  characteristics,  it  Is  extremely 
Important  to  make  a  proper  choice  of  dynode  potential.  Figure  10-33 
shows  the  dynode  characteristic  curves  for  anode  current  and  dynode 
current  taken  with  constant  potential  on 

the  remaining  electrodes.  Maximum  dynode  and  anode  currents  are  obtained 
at  dynode  voltages  equal  to  about  60  per  cent  of  the  anode  voltage. 

With  a  decrease  In  dynode  voltage,  the  absolute  values  of  anode  and 
dynode  ciirrents  drop,  flz*st,  owing  to  a  change  In  the  current  distribu¬ 
tion  between  the  second  grid  and  the  dynode -anode  system,  and  second, 
owing  to  defocuslng  of  the  primary-electron  stream,  as  a  result  of 
which  there  Is  a  large  number  of  primary  electrons  that  fall  directly 
ux>on  the  anode  and,  finally,  owing  to  a  drop  In  the  seoondary-emlsslon 
coefficient  attendant  upon  the  decrease  In  primary -electron  energy. 

For  dynode  voltages  lower  than  40-30  v,  the  seoondary-emlsslon  coeffic¬ 
ient  Is  less  than  1,  and  the  dynode  current  pzoves  to  be  positive.  In 
this  case,  the  swgnltude  of  the  anode  current  Is  detencLned  solely  by 
the  nuaiber  of  prlmazT*  electrons  arriving  at  the  anode.  As  the  dynode 


-  360 


« 

\ 


voltage  rises  above  the  optlmun  value^  the  absolute  values  of  anode 
and  dynode  currents  drop  as  a  result  of  the  partial  return  of  secondary 
electrons  to  the  dynode>  and  when  the  dynode  voltage  beo<»ws  equal  to 
the  anods  voltage^  aovenent  of  secondary  electrons  to  the  anode  ceases, 
the  anode  current  becones  equal  to  zero,  while  the  dynode  curz^nt  be- 
oonss  positive,  and  equal  to  the  primary-electron  current. 

In  tubes  utilizing  secondary-electron  emission.  It  has  been 
possible  to  obtain  a  high  transconductanoe  on  the  order  of  23-30  loa/v, 
with  a  relatively  small  cathode  current.  In  such  tubes.  It  has  been 
possible  to  obtain  a  ratio  on  the  order  of  2-2.5  ma/v^^^/^. 

A  substantial  advantage  of  tubes  utilizing  secondary  mulsslon  Is 
a  relatively  small  amovint  of  power  dissipated  on  the  anode  with  high 
anode  current,  ihe  reason  for  this  Is  that  the  secondary  electrons 
creating  the  anode  current  arrive  at  the  anode  with  an  energy  produced 
not  by  the  anode  voltage,  but  by  the  difference  of  potential  between  the 
anode  and  dynode.  Consequently,  the  power  dissipated  on  the  anode  In 
such  a  tube  equals t 


(loJH) 

Ihe  basic  drawbacks  to  tubes  utilizing  secondary-electron  emission 
are  relatively  short  life,  caused  by  a  decrease  In  secondary-emission 
coefficient  of  the  dynode  surface  xinder  the  action  of  extended  electron 
boiiibaz*dBient,  and  high  noise  level. 

10-8.  ELBCTRON-BEAN  TDNINO  INOICAaORS. 

Precision  of  tuning  for  radio -receiver  tuned  circuits  may  be 
monitored  with  the  aid  of  so-called  electron-beam  tuning  Indlcatom. 

Ihe  cowon  electron-beam  Indicator  takes  the  fon  of  a  coSblnatlon  of 
a  trlode  with  an  electron-beam  system,  as  Illustrated  In  Tig.  10-34. 

A  phosphor  la  applied  to  the  Inner  surface  ef  a  tmneated  eons;  this 
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Fig.  10»34.  Bleotpon-bftui 
■7st«]a  of  tuning  indicator. 

Oathodai  2)  aoroonj 
3)  control  electrode. 

IB  a  aaterlal  that  glows  when  electrons  strike  It.  Wlllenlte  (ZngSlOj^) 

Is  normally  utilized  as  the  phosphor  In  Indicator  tubes;  It  gives  off  a 
green  glow.  A  cathode  Is  located  on  the  axis  of  the  oonej^  while  between 
the  cathode  and  the  cone  a  control  electrode^  in  the  form  of  a  z>od^ 
is  Installed.  Ohe  cone  Is  maintained  at  a  high  positive  potential. 

Thider  the  action  of  the  electric  fields  electrons  from  the  cathode 
bombard  the  eigposed  phosphor  of  the  Inner  cone  surface,  causing  It  to 
glow. 

If  the  control  electrode  remains  neutral  or  Is  kept  at  a  potential 
equal  to  the  potential  of  the  neighborhood  In  which  It  Is  located,  the 
presence  of  the  control  electrode  will  not  distort  the  electric  field 
In  the  spaoe  between  the  cathode  and  the  cone.  As  a  result,  the  electrlo 
oturrent  density  proves  to  be  the  same  over  the  entire  surface  of  the 
cone,  and  the  Illumination  will  be  uniform.  Only  In  the  region  of  the 
surface  lying  u.  ier  the  contz*ol  grid  will  the  Illumination  be  weakened, 
since  a  portion  of  the  electrons  will  be  Intercepted  by  the  control 
electrode  (FLg.  10~33a).  If  the  potential  of  the  control  eleotrode  Is 
changed,  the  syaeetry  of  the  field  Is  destroyed,  and  the  trajectory  of 
the  electrons  isovlng  neeu*  the  control  grid  will  be  bent.  Vilhere  the 
oontrol*grld  potential  Is  deoreased,  the  electron  trajeotories  will 
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Pig.  10-35*  Chazige  In  ftleotron 
traj«otozl.e«  Nlth  a  ohanga  In 
oontx«l*«l«etz«(ia  pctantlal. 

1}  Daz4c  aeotorj  2)  bright  aeotor. 


>ove  awa7  fj^om  It  and  alaetrona  will  in  ganaral  not  atrika  that 
portion  of  tha  oona  aurfaoa.  On  thia  portion  of  the  8oraan>  a  dark 
aeotor  will  appear  (Pig.  10-35b).  CJonveraely,  when  the  oontrol-grld 
potential  la  ralaad^  tha  trajeotorlea  of  the  elaetrona  are  bent 
towaz^l  it,  and  aora  alaotrona  will  atrika  tha  aebtlon  l3rlng  underneath 
tha  grid  than  will  atrika  other  aeotlona  of  tha  aoraan.  In  thla  oauiOj 
a  aaotor  will  appear  on  the  aoraen  that  la  More  brightly  lUualnatad 
than  the  raaalnlng  portion  of  the  screen  (Pig.  IO-330). 

In  an  alaotron-baam  Indicator,  the  control  electrode  la  oonnaotad 
to  the  trlode  plate,  and  Ita  potential,  conaequently,  will  be  called 
tha  plate  potential.  Iha  eleotron*4>aasi  syataM  and  the  trloda  hare  a 
OOTHon  cathode.  The  arrangaaent  of  tha  6E3C  tuning  Indicator  la 
ahown  In  Pig.  IO-36.  Tha  alactron-heam  ayataa  la  In  tha  upper  part  of 
tha  tuba,  and  it  la  obaarvad  thraui^  tha  tranaparant  top  of  tha  tuba 
anvalope. 

Plgnsra  IO-37  ahowa  a  circuit  uaad  with  tha  Indicator.  Tha  alter¬ 
nating  algnal  voltage  la  rectified  by  a  diode  circuit  and  applied  froM 
tha  load  raalator  to  the  grid  of  tha  trloda  of  the  alactron-baaM  Indl- 
oator.  A  poaltlva  voltaga  fraai  a  aouiroa,  S^,  la  applied  to  the  aoraan 
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(oone);  the  triode  plate  is  oonneoted  with  the  power  siipply  through  a 
load  resistor  having  a  value  of  1-2  megohm.  When  there  Is  current  In 
the  plate  circuit  of  the  triode^  the  magnitude  of  the  plate  voltage 
will  he  less  than  the  screen  voltage  by  the  amount  of  the  voltage 
drcqp  across  the  load  resistor.  Bvldently^,  the  lazier  the  triode  plate 
current^  the  larger  the  difference  between  the  potentials  of  the 
screen  and  plate.  Since  the  oentrel  electrode  Is  connected  te  the 


Pig.  10-36.  6B5C  electron-  Pig.  10-37.  Cdrcmlt  for 

beam  Indicator.  utilising  an  electren  beam 

1)  oathede;  2)  triode  plate;  indicator  tube. 

3;  triode  grid;  4)  screen; 

5)  control  electrode. 

triode  plate,  a  decrease  In  plate  current  of  the  triode  leads  to  an 
Increase  In  control  .electrode  potential  and,  consequently,  to  a  de¬ 
crease  In  the  dimensions  of  the  dark  sector  on  the  screen. 

When  a  tuned  circuit  Is  In  resonance  with  the  frequency  of  a 
signal  being  zwoelved,  the  RF  voltage  in  the  tuned  circuit  is  at  a 
maximnm,  and  the  rectified  voltage  will  also  be  at  a  maximiim.  Since  a 
negative  voltage  Is  applied  to  the  triode  grid,  accurate  tuning  of 
the  olrotd.t  will  result  In  minimum  grid  potential.  In  this  case,  the 
potential  of  the  txdode  plate  and  the  control  electrode  will  be  at 
its  maximum,  which  corresponds  to  minimum  slse  of  the  daz4c  sector. 
Bridently,  when  tuning  through  a  weak  signal,  there  will  only  be  a 
decrease  in  the  sise  of  the  dazic  sector  at  the  instant  of  precise 


tvnlag^  vlill*  whan  tuning  through  a  strong  signal^  a  hrlghtor  Motor 


W.g,  10-38.  Qa?aph  of 
6S5C  tuning  Indicator. 


ourve  (p  =  P(U^)  for  6150 
tuning  Indloator. 

1)  Mogohm. 


will  appear. 

The  magnitude  of  the  vex>tex  angle  of  dark  sector  on  the  Indloator 
screen  depends  upon  the  relationship  between  the  voltages  on  the  screen 
^  and  control  electrode,  or,  with  a  fixed  screen  voltage,  upon  the  control- 
electrode  potential,  figure  10-38  shows  a  graph  of  the  daz4c-seotor 
angle  as  a  function  of  the  magnitude  of  the  ratio  of  control  •electrode 
voltage  to  screen  voltage.  Uhder  dynamic  operating  conditions  for  the 
Indicator  trlode,  the  plate  voltage,  equal  to  the  control  •electrode 
voltage,  will  be  a  function  of -the  trlode-grld  voltage  and,  oonM- 
(pxently,  the  dark-sector  angle  will  also  be  a  function  of  the  grid 
voltage.  Ihe  oharaoterlatlc  ourve  ^  -  f(U^)  for  the  type  6150  indl-- 
oator  Is  shown  In  fflg.  10-39. 


ynp 

sap 


^upravlyayxuihchly  “  ^centvol*  ^ 
^ekrui  *“  ^scrMn*  ^ 
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TRANSMiranfO  TDBBS 


11-X.  OIASJ8IJT CATION  ANB  rESIONATlONS  POR  TRANSMITTINO  TtIHBS. 

operating  peoullarltlea  of  tranndttlng  tubes  and  the  re- 
qulreaents  applloable  to  thms  are  responsible  for  the  substantial 
struotural  dlfferenoes  between  transadttlng  tubes  and  reoelvlng^as- 
pllfler  tubes,  ^le  nost  laportant  requirement  of  transmitting  tubes 
Is  that  they  deliver  a  large  amount  of  RF  power  at  as  high  a  olroTilt 
efflolenoy  as  possible.  fQie  R7  power  delivered  by  the  tube>  the  tube 
funotlon,  and  the  niawlmua  wes^ng  freguenoy  may  serve  as  criteria . 
for  tube  classification. 

With  a  given  plate-olroult  efficiency,  the  RP  power  that  may 
be  obtained  from  a  transidtter  circuit  la  pzvportlonal  to  tlm  power 
dissipated  by  the  plate  of  the  tubei 


Oonaequently,  the  possibility  of  obtaining  the  required  RF  power  from 
a  given  tube  may  be  oharsoterlsed  by  the  power  dissipated  on  the  plate 
of  the  tube. 

On  the  basis  of  power,  all  transmitting  tubes  may  be  classified 
Into  the  following  gz^r^pst 

a)  Low«i»ower  tubes.  In  which  the  permissible  continuous  plate 
dissipation  does  not  exceed  about  50  watts.  Plates  of  these  tubes  aze 
naturally  cooled,  l.e. ,  heat  Is  carried  off  to  the  surrounding  q;»aoe 
as  a  restilt  of  heat  radiation.  Ihe  gross  structural  features  of  low- 
power  transmitting  tubes  are  In  the  majority  of  oases  similar  to 
these  of  reoelvlng«4DapllfFlng  tubes  (Fig.  11-la,  b,  o). 

b)  Midimm  pemr  tubes,  with  a  oontlnaens  plate  dissipation 
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Klg.  11*^.  Sxt«mal  app^KMuio*  of 
truiMltting  tti;b«i. 

«)j  b),  and  o)  LowH^war  tranaMlttlng 
tubaa;  d),  a)  and  f;  nadlioaHpairap 
tranaalttlng  ttdtaa;  g)  hlCb-pawar 
ifa.tap*4oolad  tmnoalttlns  tiiba; 
h)  hlgh-pompad  alr-eoolad  tvanaaittlng 
tuba. 


of  up  to  1000  watts  (Fig.  ll-ld«  »,  f }.  In  thasa  tubas,  as  in  tha 
low -power  tubas,  tha  plates  are  looatad  within  a  glass  anvalopa,  and 
are  ooolad  naturally*  Iha  Inoraasa  in  plate  power  dissipation,  aui 
well  as  the  utilization  of  high  voltages,  leads  to  the  necessity  of 
increasing  tube  diaanslons,  and  of  naking  major  changes  in  lead,  Ixisu- 
lator,  and  envelope  daalgn  in  cosvarison  with  the  low-power  trans- 
laittlng  tubas. 

c)  High«i>ower  tubas,  in  which  the  permissible  continuous  plate 
dissipation  exceeds  1000  watts  (200  kw  and  above).  Exterior  plates  of 
such  tubes  are  cooled  either  with  air,  blown  past  radiating  fins 
attached  to  the  plate  (Fig.  11-lh),  or  with  water  that  flows  over  a 
Burfaoe  of  the  plate  (Fig.  U-lg). 

In  aooordanoe  with  the  auudmum  working  frequency,  trananitting 
tubes  may  be  olaaaifled  into  low->frequenoy  tubes,  working  in  audio- 
aavUfioatlon  olrouits^  RF  tubes,  designed  to  woric  In  oscillators  and 
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aapllfierB  handling  radlofrequenoies  (up  to  30  Mo)  and  SRF  tvlMHi> 

Mhaaa  features  are  dlsoussed  in  the  following  chapter. 

Ihe  working -frequency  region  is  a  distinguishing  feature  of 
tranaaitting-tuhe  dealgnations.  A  tube  designation  consists  of  three 
eleswnts.  The  first  eleaent  is  represented  by  letters  that  specify 
the  field  of  application  of  the  tuber  QK-transaitting  tubes  for  the 
long-  and  short-wave  bands  (upper  frequency  lialt  of  to  25  Mo); 
OTT-tranaaittlng  tubes  for  VHP  (upper  frequency  Halt  of  up  to  600  Mo); 
QS-transaltter  tubes  for  the  oentiaeter  range;  QM-tubes  operating  in 
low-fswquency  (audio)  power-«q;>llfier  circuits;  CBfI-siailar  to  previotui 
type^  but  designed  for  pulse  operation;  ai -high-frequency  pulse - 
generating  tubes.  *  Ihe  nuabers  fonsing  the  second  element  in  a  desig¬ 
nation  are  separated  froa  the  first  element  by  a  hyphen^  and  indicate 
the  sequence  nuaber  of  the  given  type  of  device,  nnuisaltting  tubes 
with  forced  air  or  water  cooling  have  a  third  element  in  their  designs- 
tion«  indicating  the  type  of  cooling r  the  letter  A  is  used  for  water- 
cooled  tubes,  and  the  letter  B  (£)>for  air-cooled.  Ihus,  the  designa¬ 
tion  QK-IA  corresponds  to  a  water-cooled  RF  tube,  the  OT7-10B  is  an 
air-cooled  VHP  tube,  the  (}M-60  is  an  audio  tube  with  natural  cooling  of 
the  plate  (the  absence  of  a  third  eleMnt  in  the  designation  Indieates 
that  the  plate  is  cooled  solely  by  radiation). 


OK  -  generator,  korotkly  -  transmitting,  short  (wave)] 

OU  -  generator,  ul’trakorotkly  -  transmitting,  ultra-shertwave/VHF] 
I  OS  -  generator,  santiswtrovyy  -  transmitting,  oentimetrio] 

,09(  -  generator,  sioshohnostnyy  -  transmitting,  power] 

GMI  -  generator,  moshohnostnyy,  impul'snyy  -  transmitting,  power, 
pulse] 

[01  -  generator,  Impul'snyy  -  transmitting,  pulse]. 


11^.  FURTHER  PARAlOBlIBRfl  OF  TRANSMITS  TUBES. 

Ab  in  the  ease  of  moeivlngHnq>llfylng  tubes,  the  possibility  of 
utilizing  trsnsHlttlng  tubes  In  various  olreuits  Is  detexwlned  not  only 
by  the  statlo  ohax«eterlatlos,  but  by  aany  additional  properties  as 
well.  Oonsiderations  that  have  been  disoussed  in  oonneotion  with  the 
additional  oharaoteristlos  of  reoelvlng-esqpllfying  tubes  also  apply 
to  low*i>ower  transalttlng  tubes.  The  peoullaritles  and  sx>eoifioatlon8 
applloable  to  stedluanpower  transaitting  tubes  and  to  hlgh*ipower  tubes 
are  oonneoted  basically  with  the  high  Intereleotrode  voltages  (both 
AG  and  DC),  and  with  the  hi|^  values  of  eleotrode  currents. 

a)  of  esdsBion  current.  In  contrast  to  reoeiving- 
aaq;>lif3ring  tubes,  the  majority  of  transmitting  tubes  for  medium  and  high 
powezv  operate  with  an  excursion  in  the  saturation  region.  Consequently, 
the  peak  plate  current  is  limited  by  the  cathode  emission.  It  is  un¬ 
desirable  to  design  tube  cathodes  with  an  emission  reserve,  since  in 
this  case,  there  is  considerable  increase  in  the  heating  power,  which 

is  quite  substantial  in  transmitting  tubes.  Thus,  the  cathode  emission 
current  is  newlly  taken  as  one  of  the  characteristics  of  transmitting 
tubes. 

The  cathode  emission  has  q;>eoial  impoirtanoe  in  pulse  •generator 
tubes,  in  who.  the  plate  current  flows  during  a  shoz*t  pulse.  In  this 
ease,  the  power  in  a  pulse  is  completely  determined  by  the  size  of  the 
pulsed  cathode  eslsalon,  which  is  a  characteristic  of  pulse -censMting 
tubes. 

In  tubes  with  tmigsten  and  carbxulBed  cathodes,  the  emission 
current  depends  to  a  gzmat  degree  upon  production  treatment  of  the 
cathodes  in  assembling  the  tubes,  which  should  be  subjected  to  careful 
quality  control. 

b)  Power  dissimaf  d  on  grids,  ihe  majority  of  transmitting  tubes 


369  - 


opelmte  vrlth  an  excursion  in  the  jpeglon  of  high  positive  grid  poten-  ^ 
tlala  and,  consequently,  with  large  grid  currents.  In  this  case, 
considerable  power  Is  dissipated  on  the  grids.  A  great  deal  of  power  Is 
also  dissipated  on  the  screen  grids  of  tetrode  and  pentode  transnitting 
tubes.  In  many  oases,  maximum  KF!  power  that  Is  obtained  in  a  vacuum 
tube  circuit  is  limited  not  by  the  maximum  peraissible  power  dissipated 
on  the  plate,  but  by  the  power  dissipated  on  the  grids. 

It  should  be  noted  that  the  jiagnltude  of  grid  cxirrent  measured 
by  a  meter  connected  into  the  grid  circuit  proves  to  be  less  than  the 
primpLpy-electron  current  of  the  grid  as  the  resiilt  of  the  large 
secondary  emission  of  electrons  from  the  grid.  The  power  liberated  at 
a  grid  depends  upon  the  primary-electron  current  of  the  grid  and  its 
voltage  (the  relative  proportion  of  the  power  that  is  associated  with 
the  secondary  electrons  is  negligible).  Ihus,  in  calculating  the  power 
liberated  at  a  grid,  it  is  necessary  to  take  into  accoxmt  the  actual 
value  of  the  primary-4»leotron  current  for  the  grid. 

In  many  transmitting  tubes,  the  amount  of  power  dissipated  on 
grids  is  an  important  operating  charaoterlstlc. 

c)  ttrid  back  oxirrents.  As  a  result  of  the  heating  up  of  transidt- 
ting-tube  grids,  there  may  appear  thermionic  emission  from  grids  and 
this  may  reach  considerable  magnitudes.  Since  during  the  negative 
half  cycle  of  the  alternating  voltage  on  the  grid,  the  difference  of  ^ 
potential  between  grid  and  cathode  may  reach  values  on  the  order  of 
several  hundreds  of  volts,  or  even  a  kilovolt;  Intense  electronic 
bombardment  of  the  cathode  may  occur,  leading  to  daiu^e  to  the 
cathode  surface.  Ihe  appearance  of  thermionic  grid  emission  in  tubes 
with  oxide -coated  and  carburized  cathodes  is  empecially  dangerous. 

Ihus,  a  decrease  in  grid  thermionic  emission  is  one  of  the  most 
important  problssmi  involved  in  transmitting-tube  design.  Zn  low-  and 

-  370  - 


aedliQi*^oiirtt]*  ti*anBalttlng  tubasji  the  grids  are  coated  with  gold> 
platlmun^  copper^  or  blackened  In  order  to  Inerease  the  surface  radi¬ 
ation  coefficient.  As  has  been  noted^  blackening  of  a  grid  Is  desirable 
only  In  tubes  having  open-structure -type  plates,  or  in  tubes  irlth 
relatively  low  plate  ten^ezeitures.  Otherwise,  blsujkenlng  may  lead  to 
the  opposite  result,  since  In  this  ease  there  Is  an  Increase  In  the 
absoxytlon  of  power  radiated  by  other,  hotter  electrodes. 

In  hlghHPOwer  tubes,  the  grids  are  noinsally  coated  with  zirconium, 
which  not  only  provides  absorptive  grid  surfaces,  but  also  raises  the 
work  function  and  the  coefficient  of  znidlatlon.  Sometimes,  Inner  sur¬ 
faces  of  power-tube  plates  are  blackened  (by  black  chrome  plating), 
which  decreases  reflection  of  radiation  by  the  plate  and,  consequently, 
lapzwves  grid-cooling  conditions. 

d)  Cold -cathode  resistance.  In  transmitting  tubes  with  tungsten 
and  carburized  cathodes,  the  cold-cathode  resistance  differs  sharply 
from  the  worklng-teq;>erattu«  resistance.  Ohus,  the  Inltlad  cathode 
current  may  be  very  large.  For  exaaq;>le.  In  the  aK-3A  trlode  oscillator, 
at  rated  heating  ciirrent  of  430  Baq;>,  the  cold -cathode  resistance  Is 
less  by  a  factor  of  11  than  the  working -temperature  reslstanee,  Ihls 
means  that  If  the  working  heating  voltage  Is  applied  in  the  Initial 
Instant,  the  starting  current  will  equal  nearly  3000  asp. 

Large  starting  ciirrents  are  also  Inpermlsslble  In  view  of  the 
fact  that  destmictlve  electzwdynamlo  fox^es  appear  between  branches  of 
the  cathode.  Ihus,  the  resistance  of  the  unheated  cathode  and  the 
— -yiiiM  initial  heating  current  are  used  as  characteristics  for 
transmitting  tubes.  This  makes  It  possible  to  select  the  correct  value 
of  heating  voltage  for  application  to  the  tube  when  It  la  first  tiimed 
on.  The  Initial  heating  current  should  not  exceed,  for  the  majority  of 
tubes,  130  per  cent  of  the  rated  heating  current. 

*}  PSOMisaible  Intereleotrode  voltaaes.  Arc-orers  may 


)^>pear  between  «leotro(l*0  darinc  ^ub»  operation^  where  hl|^  potential 
dlfferenoes  are  Involved.  Qhe  zwaeone  for  the  a^pearanoe  of  aro-oveM 
my  be  deterioration  of  the  vaoxnm  In  the  tiibe^  secondary  ealeelon 
froa  parts  (Inolndlng  noxintlng  elMents)  and  deterioration  of  the  In¬ 
sulating  properties  of  tube  Internal  Insulation. 

Vlhen  Intereleo trade  arolng  ooours^  It  Is  possible  that  tubes  will 
be  daaaged^  especially  If  arolng  appears  at  points  where  leads  or 
plates  of  the  tube  axu  sealed  Into  glass.  Ihus,  the  values  of  Inter- 
eleotrode  voltages j  even  Instantaneous  values,  should  not  ezseed  the 
values  established  for  each  tube. 

f )  Meohanleal  and  oH»»tlo  tube  oharaoterlstlos.  As  In  the  case 
of  reoelvlng*eaapllfylng  tubes,  transalttlng  tubes  oay  be  subjected  to 
various  aeohanloal  effects.  Mechanical  effects  are  espeolflilly  dangerous 
to  nedltun-  and  hlgh-power  transalttlng  tubes  owing  to  the  large  weight 
of  the  elMsents  and  large  linear  dlaenslons,  which  result  in  coxislder- 
able  forces  at  points  where  parts  are  fastened  when  external  forces 
are  applied  -  vibration,  shocks,  etc.  Ihus,  destruction  of  Joints  be¬ 
tween  tube  eleoeents  and  defozvatlon  of  eleaents  Is  aore  probable  In 
txeuisalttlng  tubes  than  In  receivlng-aapllfying  tubes.  In  addition, 
the  long  linear  dlaenslons  of  eleaents  causes  a  decrease  In  Internal 
resonant  frequency  to  hundreds  of  cycles.  Ihus,  aany  hlgh-power 
transalttlng  tribes  are  designed  to  operate  only  In  stationazT’  In¬ 
stallations,  with  special  aeasures  being  taken  to  guard  against  ex¬ 
ternal  aechanical  effects. 

In  the  process  of  transporting  the  tubes  theaselves,  and  the 
devices  In  which  they  are  utilised,  however,  aechanloal  influeneea  aay 
Bake  theaselves  felt.  Thus,  the  vibration  resistance  is  soaetlaes  given 
for  aany  transaitting  tubes,  i.e.,  the  ability  to  retain  the  initial 
paraBsters  after  vibration. 


1 


9or  hlgh*i;>oir»r  tranBrnlttinig  tubes^  and  iiian7  t^npes  of  medlum- 
pomr  tubas,  ohemgas  In  ollnatlo  conditions  under  which  tubas  oparata 
maj  prove  dangarous.  Olie  high  powers  dissipated  by  tubas  and  anvalopas 
f^poquantly  nacassltata  spaolal  cooling  conditions^  0vaz4iaatlng  of  points 
where  wtal  Is  sealed  Into  glass,  which  oay  lead  to  tube  daaage.  Is 
aspadlally  dangerous.  Ohe  paxwlsslbla  taeperatures  for  external  plates, 
seals,  and  envelopes  are  nonally  q;>eelfled  as  operating  oharaoterlstlos. 
Elevated  hualdlty  may  lead  to  arcing-over  along  external  surfaces  of 
envelopes  and  aounts,  and  a  decrease  In  ataespKerlo  pressure  to  the 
appearenee  of  a  high-frequency  discharge. 

11-3.  STRUCTURAL  JBATURES  OP  TRANSMITTINU  TUBES. 

The  stxuctural  features  of  transmitting  tubes  are  deterelned  by 
tube  function,  the  magnitude  of  the  power  dissipated  on  the  plate, 
the  aaxlnnna  working  voltages  between  electrodes,  and  the  woxidng-fre- 
quenoy  range.  In  addition,  tube  construction  Is  related  to  their 
operating  conditions. 

Oeneral  requirements  applicable  to  all  types  of  transmitting 
tubes  are  high  cathode-emission  power,  adequate  for  the  given  operating 
conditions,  high  plate  and  grid  dissipation,  and  high  eloctrlcal 
strength  of  interelectrode  Insulation,  whleh  pezeilts  tubes  to  be  operated 
at  high  Interelectrode.  voltages. 

Gbrainsmlttlng  tubes  designed  for  operation  In  oscillator  clrotilts 
and  RF  power.4aq;>llfler  circuits  have  characteristic  c\urves  shifted  to 
the  right,  which,  as  has  already  been  mentioned,  amUces  It  possible  to 
operate  these  tubes  with  high  plate  efficiency  under  class  C  conditions, 
with  a  small  aanunt  of  grid  bias.  For  trlodes,  a  right-hand  shifted 
characteristic  ouirve  corresponds  to  high  am>llfleatlon  factor,  while 
for  trlodes  and  pentodes.  It  correeponds  to  loir  oontrol-grld  ponstraneo 
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and  r«latly»3,y  low  DO  voltac*  on  the  aonoon  grid. 

In  ordar  to  InoraaM  the  plate -toI tag*  utilization  faotop>  It  la 
dealxaCble  that  the  orltloal  operating  line  havo  large  elope  and  from 
the  point  of  view  of  deortaalng  the  power  dlealpated  on  the  grld^  It 
la  naoeeeary  to  Inoreaae  the  current -dlylelon  factor. 

LoW‘i)ower  tranemlttlng  tubee,  deelgned  to  operate  In  KF  oeolUaters 
(tip  to  20-25  are  normally  pentodee  dr  beam-power  tetrodee.  nie 
advantage  of  these  types  of  tube''  lies  In  the  possibility  of  obtaining 
high  power  gain  per  stage  of  amplification,  and  good  frequency  response 
In  ooaparlaon  with  trlodes.  Ohe  same  Is  true  of  tubes  for  medium-power 
applloatlons  (maxtanim  plate  dissipation  up  to  500  watts).  Ohe  limita¬ 
tion  of  the  possibility  of  utilizing  pentodes  where  tube  power  Is  further  h 
Increased  Is  associated  with  difficulties  appearing  owing  to  an  Increase 
In  screen  dissipation.  Ohe  use  of  a  beam  system  for  the  control  and 
screen  grids  (beam  pentodes)  yields  a  certain  decrease  In  screen  dissi¬ 
pation,  and  a  drop  In  screen-grid  potential.  Screen  voltage  In  pentode 
and  beam-tetrode  tzmnsaltteani  normally  amounts  to  20  to  60  per  cent  of 
the  plate  voltage. 

Traxismltter  tubes  dissipating  more  than  1  kw  on  the  plate  are.  In  ' 
the  majority  of  cases*  trlodes.  Ihe  only  exceptions  are  oez>taln  VRF 
tetrodes  dissipating  vp  to  3-10  kw  on  the  plate.  In  such  tetrodes,  the 
■ereen-grld  voltage  amounts  to  23-23  per  cent  of  the  plate  voltage. 

Transmitter  tubes  for  low-frequency  power  amplification  (modulator 
tubes)  are,  u  a  rule,  or  the  trlode  type.  The  gain  of  such  tubes,  de¬ 
pending  tqpon  the  plate  voltage  and  rate  of  power,  may  vary  from  3  to 
20,  which  corresponds  to  a  "left-hand”  position  of  the  plate-grid 
characteristic  curves.  Such  trlodes  are  operated  class  A;  in  the  majority 
of  oases  there  Is  am  excursion  In  the  positive  grid-potential  region  ^ 
and,  eonsegmently,  theme  is  an  excursion  for  the  grid  current.  UModes 


designed  to  operate  without  grid  currents  have  low  gains  on  the  order 
of  5-7*  When  there  Is  an  excursion  In  the  positive  grldHpotentlal 
region*  the  grid  currents  are  relatively  sssall  and,  accordingly,  the 
power  dissipated  on  the  grids  Is  also  aaall  In  oeaparlson  with  RF 
tnuiaaltterB. 

nibes  used  for  power  aag>llfloatlon  of  brief  pulses,  operating 
In  pulse  •modulator  clrotilts,  fora  a  separate  group.  As  an  exasqple  of 
the  application  of  such  tubes,  we  aay  consider  the  operation  of  a 
tube  used  In  a  pulseHsednlater  elrouit  with  partial  capaeitor  dis¬ 
charge  (Fig.  11-6). 


Pig.  11-6.  Pulse-sodulator 
circuit  with  partial  c^HMlter 
discharge. 

1}  Tb  RF  oscillator. 

In  this  circuit,  a  bias  voltage  B^,  cutting  the  tube  off.  Is 
applied  to  the  grid.  Thus,  In  the  absence  of  an  external  voltage  piilse, 
the  ourx«nt  through  the  tube  Is  zero  and,  consequently,  the  plate  volt¬ 
age  equals  the  plate>4upply  voltage  E.,  since  the  voltage  drop  across 
the  resistor  R^  connected  Into  the  plate  clroxilt  Is  zero.  In  this  case, 
the  Integrating  capacitor  Is  charged  to  a  voltage  equal  to  the 
plate  voltage.  Hie  asnunt  of  energy  stored  by  this  capacitor  Is  pro- 
X>ortlonal  to  Its  capaoltanee  and  to  the  voltage  asross  Its 


*  "  ®n  “  ^nakepltel 'nyy  "  ^Integrating*  ^ 


(11-1) 


Qw  modulator  output  is  applied  to  the  RF  tranamittlng  tube,  and 
the  modulator  aerrea  aa  the  aouroe  of  plate  roltage  for  the  tranamlt- 
ting  tube.  VOien  the  tube  la  out  off,  the  voltage  aoroaa  the  modulator 
output  la  zero,  and  the  oaolUator  vlll  not  operate. 

If  a  poaitive  voltage  piilae  la  applied  to  the  grid  of  the  modulator 
tube,  the  tube  la  rendered  oonduotlng,  and  current  flowa  through  It. 
Capacitor  beglna  to  dlaoharge  through  the  tube  and  through  realator 
R^,  and  through  the  tranamittlng  tube  connected  In  parallel.  A  current 
iq;>peara  In  the  plate  circuit  equal  to  the  difference  between  the  plate 
current  and  the  capaeltor-dlacharge  current,  and  the  plate  voltage 
dropa  ahajHPly  owing  to  the  voltage  drop  aoroaa  realator  R^.  Nozeuilly, 
the  clrotd.t  oonatanta  are  ao  choaen  that  the  tube  plate  voltage  when 
operating  la  «  O.IE^.  Ohen  a  voltage  will  appear  In  the  plate 

circuit  of  the  RF  oscillator  for  a  period  of  time  equal  to  the  pulse 
duration;  the  voltage  la  classified  aa  the  difference  between  the  volt¬ 
age  moromm  the  capaeltor  0^  and  the  plate  veltaget 


(11-2) 


Ohe  value  of  capacitor  C^^  la  ao  chosen  that  after  a  period  of  dlaoharge 
equal  to  the  p\G.ae  length,  the  voltage  aoreas  the  capacitor  will  fall 
slightly  (by  2-5  per  cent),  and  this  voltage  may  be  assuawd  to  be 
constant  for  all  practical  pus^osea. 

When  the  pulse  ceases  to  act,  the  tube  Is  again  out  off,,  and 
capacitor  begins  to  discharge  until  the  voltage  aoress  it  beeoams 


equal  to  V 


*  ^^a*  r  "  ^a.g  "  ^aaed.  generator  ”  Opiate  oscillator*  ^ 
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Qiiuif  dtirlng  the  tine  betmten  puliee^  the  oapaoitor  Btoree  energy 
f»nt  the  modulator  platensupply  aouroe^  releasing  It  dtUTlng  the  pulse. 

Ihe  power  expended  In  the  plate  olrotilt  of  an  osoillator  Is  de¬ 
termined  by  the  magnitude  of  the  Kf  power  and  the  osoillator  plate- 
olrottlt  effloionoyt 


•  1  • 


(U-3) 


In  th«  •■olUjit.r  tlM  ounmit  dnnm  .^putlsi 


(11-4) 


Vihen  the  oapaoitor  dlsoharges  through  the  tubo«  the  dlsoharge  oxirrent 
Is  distributed  between  the  load  (osoillator)  and  resistor 


(11-5) 


and  the  magnitude  of  the  tube  plate  ourrent>  uhloh  equals  the  sum  of 
the  dlsoharge  ourrent  and  the  ouzvent  In  the  plate  olroult^  Is  found 
frssi  the  espresslon 


^ = 4,+/,. = /„,  +  (11-6 ) 

Ohs  total  of  the  oorrents  through  roslstozu  and  normally  runs 
from  7  to  12  per  oent  of  the  plate  ourrent.  Oonae<iuentlyf 

(11-7) 

where  m  -  1.05-1.15« 

The  amount  of  ourrent  dlssipatod  on  the  tube  plate  over  the  length 
of  the  pulse  ofwalsi 


*  [  w  -  n 


load.  ] 
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I  ’  (11-8) 

from  Nhloh  It  1b  poatlML*  to  dttBZKlnB  th*  wmui  Tfomor  dlMlyatBd  on 
tho  tubo  plmtot 

I  (11-9) 

wlioro  Q-  Is  the  pulse  duty  factor.  I 

Q3i\iaj  pulse  oodtilatoz*  tubes  should  operate  at  very  high  pXhte 
▼oltages  In  the  absence  of  a  pulse^  and  deliver  large  asaounts  of 
pover  during  the  ptilse^  which  corresponds  to  a  high  value  of  pulse 
plate  current.  We  should  note  that  when  a  voltage  pulse  Is  applied  to 
the  grid  on  the  order  of  hundreds  and  thousands  of  volts^  no  space 
charge  Is  set  up  near  the  cathode,  and  the  value  of  current  fron  the 
tube  cathode  Is  determined  solely  by  the  cathode  emission. 

It  Is  clear  that  the  basic  chaa?acterlBtlcs  of  a  pulse  modulator 
tube  are  the  pulse  plate  current,  the  maximum  permissible  voltage  be¬ 
tween  plate  and  cathode  with  the  tube  cut  off,  determined  by  the 
strength  of  the  Insulation,  and  the  perm1.SBlble  plate  dissipation. 

In  addition  to  the  power  dissipated  on  the  plate,  a  considerable  amount 
of  power  Is  dissipated  by  the  grids  of  the  tube,  which  to  a  large 
degree  limits  the  power  delivered  by  the  tube. 

Medlum*i>ower  pulse  modulator  tubes,  as  a  rule,  take  the  form  of 
beam-power  tetrodes;  In  these  tubes,  the  screen  voltage  amoiuits  all- 
in-all  to  5*^  per  cent  of  the  maximum  plate  voltage,  on  the  order  of 
20-30  kv.  A  relatively  small  screen  voltage  decreases  the  absolute 
value  of  the  plate -current  cutoff  voltage  and,  consequently.  In  these 
tubes,  the  bias  voltage  Is  dropped  as  is  the  req^ilred  voltage-pulse 
aiqplltude  for  the  control  grid. 

The  amount  of  power  dissipated  on  the  plate  of  the  tube  is  the 
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prlaary  fftotor  af footing  tub*  dla*nBloiui.  All  of  th«  power  radiated  by 
the  eleotrodee  of  low*iK>wer  and  aediunnpower  tubes  passes  through  the 
glass  of  the  envelope  and^  consequently^  the  surfaoe  of  the  envelope 
should  be  great  enough  to  prevent  overheating  of  the  glass. 

Ihe  eagnitude  of  the  working  voltages  between  the  electrodes 
detendnes  the  arrangeaent  of  leads  and  the  construction  of  the  tube 
stesui.  At  high  interelectrode  voltages  (above  700-800  y),  leads  for 
theae  electrodes  are  brought  through  separate  steas*  which  are  sealed 
Into  necks  In  the  envelope,  and  are  separated  fr<»ii  each  other. 

Ohe  aaxlBnim  working  frequency  has  a  substantial  influence  on 
tzajtisadtting-tube  design.  Tubes  for  the  long-wave  band  nonaally  use 
tubular  stems  with  long  leads  and  mounting  brackets  for  the  electrodes. 
Ghdd  leads  for  such  tubes  are  sealed  into  the  cathode  stem  (Fig.  11-lf). 
With  tubes  operating  in  the  short .^ave  range  (from  3  to  23  Me),  it  is 
better  to  use  button  or  disc  st«as  and  short  leads;  in  this  case,  the 
oontrol-grld  leads  are  separated  from  the  plat^  and  cathode  leads. 


11-4.  TRAN8MITTINa..TDBB  CATRODSS. 

The  choice  of  cathode  type  and  design  for  a  transmitter  tube  Is 
detendned  by  the  required  cathode  emission,  by  the  wox4clng  voltages 
of  the  tube,  and  by  the  tempaniture  of  the  elements  surrounding  the 
oathode. 

Ihe  best  esdsslon  figures  are  given,  as  Is  known,  by  an  oxide- 
ooated  cathode;  this  type  of  cathode  is  widely  employed  In  low«i^wer 
and  msdlum*i>ower  transmitter  tubes,  and  In  the  majority  of  tubes  for 
pulse  woz4c  (with  the  exception  of  hlgh.ipower  tubes).  The  application 
of  the  oxide  .coated  cathode  Is  limited,  however,  by  the  possibility 
of  Its  damage  owing  to  bombardment  by  Ions  of  residual  gases  In  the 
preaenee  of  high  Intereleotrode  voltages,  and  alee  as  a  result  of 
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overheating  of  the  oathodo  owing  to  radiation  from  the  Inner  stupfaoe 
of  the  plate  when  It  la  at  a  high  temperattire.  Another  limitation  In  ^ 
the  ewployment  of  oxide  •coated  oathodee  In  tubes  where  the  surrotmdlng 
eleotro<tee  are  at  high  tes^eratures  (more  than  300>^00^G)  reaiQ.ta  from 
the  possibility  of  the  eoourrenoe  of  thermionic  emission  fr<»i  these 
eleotrodes  as  a  resrilt  of  deposition  upon  them  of  fine  pax>tloles  of 
alkali •^arth  metals  and  of  oxide  from  the  cathode. 

!nuiB>  the  oxide-coated  cathode  Is  utilized,  as  a  rule.  In  trans¬ 
mitter  tubes  that  are  In  continuous  service  with  a  continuous  plate 
dissipation  of  roughly  up  to  100  watts,  and  In  medium-power  tubes  for 
pulse  operation  with  up  to  130  watts  plate  power.  In  ptilse  tubes,  designed 
for  largo  cathode  ctirrents  dxu*lng  the  pulse,  synthetlo-oxlde-coated 
cathodes  are  frequently  used;  they  differ  from  those  commonly  used  In 
that  on  the  surface  of  the  cathode  base  •metal  layer,  and  throughout  the 
oxlde*Ksoatlng  layer,  a  fine  nickel  powder  Is  Introduced,  sintered  with 
the  base  material  and  the  oxide.  Olie  presence  of  the  pure  metal  Inclu¬ 
sion  In  the  oxide  layer  decreases  Its  resistance  and  Increases  the 
contact  with  the  base«d.ayer  surface,  resulting  In  a  drop  In  the  heating 
of  the  oxide  layer  by  the  emission  current  and,  consequently,  an  Increase 
In  the  permissible  current  density  through  the  oxide  layer. 

0xlde>4oated  cathode  constmotlon  for  transmitting  tubes  Is  shown 
In  Fig.  11-3.  Unlike  receiving -tube  cathodes,  transmlttlng-tube  cathodes 
are  insulated  from  their  heaters  by  means  other  than  the  application  of 
an  alwdua  coating  to  the  heater  wire.  It  Is  possible  to  use  Insulation 
formed  by  ceramic  tubes  Inserted  within  the  cathode  (Fig.  ll-3b),  or  to 
utilize  a  vacuum  separation,  iriiere  there  Is  a  sufficiently  great  differ¬ 
ence  between  the  diameter  of  the  heater  and  the  inside  diameter  of  the 
oathede  (Fig.  ll-3c}. 

In  eases  In  which  the  utilization  of  an  oxlde-ooated  cathode  Is 
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thorlatBd  oajHburlzBd  oathodai  or  piire  tungsten  oathodea 

UP9  used. 

Oarburlzed  cathodes,  having  oonalderably  better  eaiaslon  propar- 
tlea  than  tungsten  cathodes,  have  gradually  replaced  the  tungsten 
cathodes.  The  basic  advantages  of  carburized  cathodes  are  their 
higher  (by  a  factor  of  4-6)  iroi^clng  efficiencies  and  considerably 
lower  working  teBq;>eratureB.  There  Is  a  considerable  decrease  In  the 
heating  power  drawn  by  hlgh«^ower  transmitting  tubes  when  a  carburized 
cathode  replaces  a  tungsten  cathode.  Thus,  fCP  example.  In  order  to 


Fig.  11-3*  Oxide -eoated  cathode 
design  for  triumittlng  tubes. 

obtain  pa?eolsely  the  same  output  power  In  a  OIT-lOB  tube  with  a  carbur¬ 
ized  cathode,  525  watts  of  heating  power  are  needed,  while  In  a  aiT-69B 
tube  with  a  pv  tungsten  cathode,  I380  watts  are  required,  l.e. ,  the 
heating  power  i«xth  a  pure  tungsten  cathode  Is  greater  by  a  factor  of 
2.5  In  comparison  with  the  heating  power  consumed  by  the  cajrtmrated 
cathode. 

A  decrease  In  heating  power  for  the  cathodes  of  hlgh-power  tubes 
not  only  yields  a  direct  savings  In  electric  power,  which  may  be  very 
substantial  if  transmitting  equipment  Is  In  common  use,  but  also  re¬ 
sults  In  a  considerable  Isqprovement  In  tranamlttlng-tube  operating 
conditions  In  that  the  loads  on  the  electrodes  are  decreased.  A  decrease 


Klg.  11'4.  C«rbtu>izftd  and 
tuxigatan  oathoda  atzmoturas 
tor  tmrunitting  tubas. 


in  the  power  dissipated  on  tha  plate  and  grids  of  a  tuba  owing  to 
radiation  of  power  from  the  oathode  makes  it  possible  to  increase  the 
power  evolved  on  these  electrodes  owing  to  load  currents^  and^  oonse» 
quently^  makes  it  possible  to  increase  the  RF  power  delivered  while 
maintaining  the  size  of  the  tube  unchanged.  On  the  other  hand>  it  is 
possible  to  obtain  the  reqtd.z*ed  values  of  RF  power  with  a  decrease  in 
the  size  and  weight  of  tubes  in  comparison  with  tubes  using  tungsten 
cathodes.  A  decrease  in  tha  size  and  weight  of  tubes  while  simultaneous¬ 
ly  decreasing  the  heating  power  reqiiired  is  especially  important  for 
tubas  utilized  in  portable  transmitting  equipment. 

Caz4>urized  and  tungsten  cathodes  are  manufactured  as  series-  or  ^ 
parallel ><onnec tad  loops  and  helices  (Fig.  11-4).  In  high-power  tubes^ 
tha  cathodes  are  sonetimes  supplied  from  a  thraa*i)hasa  line,  in  which 
case  tha  alaasnts  of  tha  eathoda  are  wya-cannaotad  with  a  oantar-t^p 
lead. 

A  flat  loop  oathode  is  utilized  in  low-  and  Bediua*i>ower  tubas 
(up  to  about  200  watts).  In  more  powex'ful  tubes,  either  a  helix  (or 
double  helix)  is  used  or  a  lo^-typa  cathode  with  tha  cathode  saotiens 
so  arranged  as  to  form  a  cylinder. 


In  order  to  avoid  thei*aX  deformation  of  cathode  loopa^  It  le 
neceaaary  to  place  them  under  tension  with  special  springs,  as  shown 
In  Pig.  11  >4.  Helical  cathodes  are  normally  supported  by  a  center  rod. 


11-5.  TRANSMITTIN€F-TQBB  PLACES. 

Plate  designs  are  detemlned  by  the  plate  power  dissipation,  and 
the  method  of  cooling.  In  order  to  determine  the  necessary  radiation 
surface  for  plates,  we  must  know.  In  addition  to  the  power  evolved  at 
the  plate  by  the  plate  current,  how  much  to  allow  for  the  power  radiat¬ 
ed  from  the  cathode  and  from  the  grids  of  the  tube  so  as  to  reach  the 
plate. 

In  transmitting  tubes  with  up  to  100-150  watts  of  plate  dissipa¬ 
tion  and  oxide -coated  cathodes.  It  Is  possible  to  utilize  blackened 

nickel  to  make  the  plate;  this  has  a  peznlsslble  load  of  up  to  1.2 
2 

watts  per  cm  of  radiation  surface.  In  medlumHpower  tubes  with  carbur¬ 
ized  cathodes,  the  plate  materials  may  be  blackened  nickel  with  a 
permissible  load  of  up  to  4.2  watts/cm^,  compressed  graphite,  molybdenum, 
and  tantalum.  Pressed  graphite  has  a  very  high  permissible  load  —  up 
to  50  watts/om^,  and  Is  a  -mluable  material  for  tube  plates  from  the 
point  of  view  of  considerable  power  with  small  size.  Drawbacks  to 
graphite  plates  are  their  high  cost  and  the  complexity  of  production 
p3?ocesslng,  owing  to  the  high  brittleness  of  graphite. 

Ihe  high-melting  metals ,  molybdenum  and  tanteauBi,may  be  utilized 
at  very  high  teaqperatures.  Ihe  most  Important  advantage  of  tantalum 
Is  Its  ability  to  absorb  gases  at  high  tesqperatures.  Unis,  heated 
tantalum  plates  simultaneously  serve  as  getters,  which  Ijqprove  the 
vacuum  in  a  tube.  Tantalum  la  vea*y  eaqpensive,  which  somewhat  limits 
Its  use. 

Exasqples  of  plate  designs  for  aedium-pewer  tubes  are  shown  In 

Pig* 
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Fig,  11  SoO^lM  Of  aodiUH- 

pewor  plate  deilgno. 

g)  Cyllnidrioal  tantaltoi  plUto; 
b)  eylli^24.eal  aolTbdemm  plate; 
o)  graphite  plate. 

External  hlgh>poirer  tube  plates  are  aamifaotiired  from  red  copper. 
Qie  basic  positive  qaialltles  of  copper^  oauslng  It  to  be  utilized 
In  this  case,  are  its  high  thermal  conductivity^  l]q;>ervlousness  to 
gases,  which  is  Inpoirtant  for  tubes  in  which  the  plates  form  a  part  of 
the  envelope,  and  good  workability.  Ohe  working  teaperature  of  copper 
plates  shotild  not  exceed  400.430^0,  since  at  higher  temporatxums.  In¬ 
tensive  evaporation  of  the  copper  begins.  In  praotioe,  the  woi^ng 
teaperature  of  copper  plates  Is  considerably  below  that  indicated, 
which  is  connected  with  cooling  conditions. 

VIhen  fozadng  a  portion  of  the  envelope,  copper  plates  should  be 
sealed  into  the  glass  portion  of  the  tube.  A  copper  plate  should  be 
sealed  Into  the  glass  either  directly  or  through  a  kovar  ring.  In 
the  first  case,  at  the  point  of  sealing,  the  end  of  the  plate  should 
be  very  thin  (several  hundredths  of  a  aiUiaeter),  in  oz*der  to  avoid 
cracking  the  seal  owing  to  the  shai^ly  different  coefficients  of 
expansion  of  cqpper  and  glass.  In  the  second  case,  the  kovar  ring 
should  be  silver-soldered  to  the  copper  plate  and  the  kovar  ring  in 


-  384  - 


turn  sealed  to  the  glass  portion  of  the  tube.  Methods  of  Joining 
copper  plates  with  glass  are  shown  In  Pig.  11-6. 

With  water  cooling  of  external  copper  plates,  the  plates  are 
located  In  a  tank  (Pig.  11-7)#  throiigh  which  water  flows  under  a 
pressure  of  about  3-^  atmos.  In  cooling  the  plates.  It  Is  necessary  to 
reduce  the  teniperature  of  the  outside  surface  to  the  boiling  point  at 
the  pressure  existing  In  the  tank,  since  upon  contact  of  cold  water 
with  the  plate  surface,  a  film  of  steam  forms,  which  Impairs  the  con¬ 
tact  of  the  water  with  the  plate.  In  addition,  when  the  water  bolls  at 
the  plate  surface,  scale  forms,  leading  to  local  overheating  of  the 
plate. 

In  many  cases,  a  water-cooled  Installation  proves  to  be  Incon¬ 
venient,  while  It  Is  lo^osslble  to  use  this  method  In  mobile  radio 
stations.  Thus,  many  types  of  power  tubes  have  plates  designed  for 
foirced-alr  cooling.  In  this  case,  the  outer  surface  of  the  plates  are 
provided  with  fins  thro\igh  \diloh  a  stream  of  air  Is  directed  from  fane 
(Plg.  11-8).  In  the  majority  of  oases,  the  fins  of  the  radiator  are 
soldered  to  a  core  or  Inserted  In  slots,  after  which  the  core  of  the 
radiator  Is  soldered  to  the  outside  surface  of  the  plate. 

Radiator  cores  are  made  of  copper,  while  the  fins  are  made  of 
copper  or  alxunlnua.  Clearly,  the  amount  of  power  carried  off  by  the 
radiator  at  a  given  tenqperature  depends  upon  the  surface  area  of  the 
radiator  fins  and  upon  the  velocity  of  the  air  stream.  Por  a  given 
plate  length,  the  surface  area  of  the  fins  depends  upon  their  number 
and  their  width.  The  rnuiber  of  fins  for  a  given  core  diameter  la 
limited  by  the  ndnlaum  possible  fin  thickness,  and  the  separation  be¬ 
tween  them  at  the  point  where  they  are  connected  to  the  radiator  core. 
A  considerable  Increase  in  fin  width  Is  pointless,  since  the  tempera¬ 
ture  of  seotlons  of  fin  that  are  dlstauit  from  the  core  proves  to  be 
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RLg.  11-6.  Itethodfl  of 
ijolnlnc  plutos 
with  a  glftBB  •nvolop*. 


Klg.  11-7.  Wator  ooollng 
of  tnumdttlng  tubo. 


oonslderably  below  the  ten^eratiire  of  the  core  It  self »  and  the  power 
carried  off  by  the  Bections  proves  to  be  Blight.  An  Increaee  In 
radiator  surface  Is  produced  by  the  utilization  of  curved  fine  rather 
than  flat  fins  (fig.  11-9). 


Fig.  11-8.  Plate  with 
alr-ooollng  with  the 
aid  of  a  radiator. 


fig.  11-9.  Alr-ooollng 
radiator  with  curved 
fins. 


Die  quality  of  the  Joint  between  the  radiator  core  and  the  plate 
surface  has  great  Influence  on  the  aaiount  of  power  carried  off  froa 
the  plate  by  an  alr-oooled  Installation.  Where  the  Joint  has  poor 
theraal  conductivity,  the  teaperature  gradient  across  the  Joint 
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InoreaBeB,  which  may  lead  to  overheating  of  the  plate.  Silver  or 
cadmium  soldere  may  be  uaed  In  Bolderlng  the  core  to  the  plate;  cadmium 
iB  more  desirable,  since  cadmium  solder  has  higher  heat  conductivity 
than  does  silver  solder  and.  In  addition,  the  melting  point  Is  somewhat 
higher  (321°C},  which  makes  It  possible  to  Increase  the  working  temper¬ 
ature  of  the  plate.  A  sllver-oopper  solder  is  used  to  solder  the  radiator 
fin  to  the  core. 

11-6.  TDBE  GRIDS. 

Grid  designs  and  materlalB  are  chosen  depending  upon  the  power 
dissipated  on  the  grids,  the  type  of  cathode  used  In  the  tube,  and 
the  temperature  of  the  remaining  electrodes. 

In  tubes  operating  at  not-too-hlgh  power  (up  to  100-150  watts  on 
the  plate)  with  oxide-coated  cathodes,  as  a  rule, molybdenum  spiral  •*- 
grids  are  used,  wound  on  nickel  or  copper  traverses;  as  In  the  case 
of  recelvlng-anpllfylng  tubes,  the  grid  turns  are  fastened  to  the 
traverses  either  by  embedding  or  by  welding.  Radiators  are  widely 
utilized  to  cool  grids;  they  are  soldered  to  the  traverses.  In  order 
to  avoid  poisoning  the  cathode  with  oxides  of  molybdenum,  a  protective 
coating  Is  applied  to  the  grid  turns;  gold  Is  frequently  used  for  this 
purpose.  At  the  same  time,  the  gold  serves  to  decrease  thermal  ciurrents 
from  the  grid.  In  tetrodes  and  pentodes  designed  for  pulse  operation, 
not  only  the  control  grid  but  the  screen  grid  as  well  are  gold  plated, 
since  It  Is  possible  for  thermal  currents  to  appear  from  the  screen 
grids  to  the  plate  with  the  tube  out  off,  which  at  high  plate  voltages 
may  lead  to  the  appearance  of  a  very  large  aswunt  of  power  on  the  plate, 
and  to  failure  of  the  tube.  In  tubes  with  a  large  average  power  developed 
on  the  grids  (for  example.  In  pulsed  triodes  with  oxide-ooated  cathodes) 
the  grid  temperature  msy  reach  600-630^0,  which  makes  gold  plating 


Mj 


Fig,  11-10.  Orld  designs  for 
transalttlng  tubes. 

loq^osslble,  slnoe  at  suoh  tessera tures,  gold  easily  evaporates  In  a 
vacuum.  In  these  oases,  platinum-plated  grids  are  used.  Qood  results 
are  also  given  by  a  coating  of  tungsten  carbide. 

In  loK-power  transmitting  tubes,  the  grids  are  blackened  for 
cooling  purposes;  this  Increases  the  radiation  coefficient  of  the 
surface.  Suoh  blackening  Is  desirable  irhez*e  plate  tesqperatures  are 
not  very  high  or  where  plates  are  of  open  construction. 

Por  medium-power  tubes  with  tungsten  and  carburized  cathodes, 
and  for  high -power  tubes,  the  grids  are  made  of  molybdenum  wire  on 
molybdenum  traverses,  and  from  tantalum.  Hie  majority  of  hlgh-power 
tubes  have  oyllndzd.oal  stioiotures  and,  consequently,  the  grids  are  also 
made  as  oyllndera.  Figure  11-10  shows  several  grid  designs  for  trans¬ 
mitting  tubes.  One  of  the  sust  coasnon  Is  the  spiral  grid  wound  on 
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tnveraes^  with  the  tiuma  fastened  to  the  traverses  either  by  welding 
(RLg,  11-lOa)  or  by  means  of  a  wrapping  (Pig.  11-lOb).  In  addition  to 
spiral  grids,  rod^type  grids  are  also  used;  they  are  formed  of  rods 
parallel  to  the  oathode  and  fastened  Into  end  z*lngs  (Pig.  11-lOc), 
or  made  from  lengths  of  tantalum  ribbon,  soldez^d  to  tantalum  rings 
(PLg.  11-lOd).  In  tubes  for  pulse  operation  at  medlta  powers,  a  combina¬ 
tion  of  a  spiral  grid  with  a  rod-type  grid  Is  encountered  (Plg.  11-lOe). 
Such  a  grid  may  take  the  form  of  a  multitraverse  spiral  grid  with  a 
large-pitch  spiral  and  small -diameter  traverses. 

nie  surface  of  molybdenum  grids  for  transmitter  tubes  Is 
normally  zlroonlum-plated.  Olie  zirconium  applied  to  the  grid  serves, 
first,  as  a  getter  and,  second.  Increases  the  radiation  coefficient  of 
the  grid  surface.  In  tubes  with  tantalum  grids,  the  tantalum  Itself 
acts  as  a  getter,  with  good  absorbing  qualities  appearing  at  teaqpera- 
tures  of  from  700  to  1200®C.  In  order  to  decrease  thermionic  emission 
from  tantalum  grids  and  Increase  the  radiation  factor  from  their 
stirface,  they  are  carburized. 

Screen  grids  for  medium-power  transmitting  tubes  are  sometimes 
made  of  a  meted  fabric  woven  from  molybdenum  or  tungsten  wire,  formed 
Into  a  cylinder  and  fastened  to  traverses  (Pig.  11-lOf). 

11-7.  ENVELOPES,  STEMS,  AND  INSULATORS. 

Ihe  sizes  and  shapes  of  tremsmlttlng-tube  envelopes  are  deter¬ 
mined  pz>imarlly  by  the  smoimt  of  power  dissipated  on  the  electrodes 
and  z*adlated  through  the  envelope  Into  space.  Envelopes  for  low-power 
tubes  are  normally  made  from  low-melting  glasses  (lead  glasses), 
supporting  a  specific  load  of  up  to  0.35  watts/om^,  while  In  medlum- 
and  hl£^-power  txd>es,  hlgh-meltlng  glasses  are  used  (type  ZS-3  melyb- 
denuM  glass  and  similar  bozmsllloate  glasses,  the  "nonex”  type  tungsten 
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Fig.  11-11.  Stem  designs  for 

transmitting  tubes. 

a)  msc  steaji  b),  c)  and  d)  tubular 

stems. 

2 

glass  whloh  perailt  loads  of  up  to  0.53  watts/om  . 

In  order  to  deorease  the  specif lo  load  on  the  glass «  the  central 
portion  of  envelopes  may  have  spherical  or  barrel  shapes.  Die  numiber  of 
necks  for  sealing  In  stems  depends  upon  the  tj^e  of  tube  and  the  arrange¬ 
ment  of  leads.  Tubes  sure  evacuated  through  an  exhaust  tip  sealed  either 
into  the  glass  of  the  envelope  or  into  one  of  the  tube  stems.  Qie 
latter  method  Is  desirable  where  a  base  is  utilized  that  proteots  the 
long  end  of  the  exhaust  tip  from  mechanical  damage. 

Ihe  glass  poirtion  of  hlgh-power-tube  envelopes  bears  a  high  load, 
since  the  heavy  tube  elements  are  fastened  to  it.  Ihus,  it  is  made  of 
high-melting  glasses  on  the  order  of  2-4  mm  thick.  The  dimensions  of 
this  portion  of  an  envelope  depend  upon  the  design  of  the  eatho4e  mount  - 
ing  elements  and  the  grid-mounting  elements  of  the  tube. 
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Fig.  11*4.2.  Stem  of  tube  with 
thiek  oopper  leads. 


Stem  design  for  transmitter  tubes  Is  deteimlned  by  the  sugnltude 
of  the  working  voltages  between  the  electrodes  of  the  tubes,  by  the 
electrode  ourz^ents  and  the  working  frequencies.  The  matez*lalB  used,  to 
be  sealed  Into  the  stems  of  transmitter  tubes,  are  normally  molybdenm 
or  tungsten  rods  with  diameters  twanging  up  to  2-3  mm. 

Button  and  disc  stems  (Pig.  11 -11a)  are  normally  utilized 'In  low- 

■ 

and  medium-power  tubes  (up  to  100-150  watts  on  the  plate)  with  lifter- 

,  *  *■  .. 

electrode  voltages  not  exceeding  600-700  v  where  the  electrodes  are 
connected  to  leads  In  the  stem.  Tubular  stems  are  utilized  In  all  re¬ 
maining  tube  designs  for  medium-power  and  hlgh-power  tubes,  with  the 
exception  of  stenui  for  SHF  tubes.  In  certain  types  of  hlgh>iPOwer  tubes. 
It  Is  necessary  to  make  a  considerable  Increase  In  lead  diameter,  for 
example,  for  the  tube  cathode  leads  where  the  heating  current  reaches 
several  hundred  amperes.  Ohls  applies  to  cathode  and  grid  leads  for 
tubes  operating  at  the  top  of  the  short  •^ave  band  and  on  VHP.  In  these 
oases,  fixed  oopper  leads  are  utilized,  soldered  to  kovar  rings  whloh 
are  used  to  form  the  seal  with  the  glass  (Plg.  11-12). 

Ihe  electrodes  of  tubes  not  operating  at  high  power  are  mounted 'Ih 
mica  and  oeramlo  Insulators,  whloh  provide  for  precise  mutual  location 
of  the  electrodes.  The  utilisation  of  mloa  lns\CLators  Is  limited  by  the 
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fact  that  mica  cannot  be  heated  to  temperatupeo  above  500®C.  Thus, 

In  the  majority  of  tranamitter  tubee^  the  InaulatorB  used  are  made 
from  alTindum  or  steatite  ceramic  elements.  The  advantages  of  oez>amlc 
Insulators  lie  In  their  heat  resistance  and  strength.  Ceramic  Insulators 
cannot  be  as  precisely  mantifactiired  as  are  ad.ca  Insulators,  but  where 
the  Intereleotrode  distances  are  large,  this  has  no  great  effect  upon 
parameter  variations.  In  cases  In  which  electrodes  must  be  located 
with  high  acotiraoy,  ceramic  Insulators  are  augmented  with  eyelets, 
brackets,  etc. 

The  possibility  of  the  appearance  of  surface  conductance  along 
oezwslc  lnsulatoz>s  owing  to  conducting  deposits  makes  them  undesirable 
for  utilization  where  the  Intereleotrode  voltages  are  high.  In  addition, 
cracking  and  fracture  of  ceramics  Is  possible  where  there  Is  considerable 
heating,  nius.  In  the  majority  of  medium-  and  hlgh>ipower  tubes,  the 
tube  electTOdes  are  mounted  directly  Into  glass  stems.  Light  tube  ele¬ 
ments  may  be  fastened  directly  to  the  leads  sealed  Into  the  stem;  In 
this  case.  It  Is  possible  to  seal  the  lead-support  directly  Into  the 
envelope,  without  a  stem  (Jlg.  11-13).  Leupger  electrodes  are  moxinted 
to  stems  with  the  aid  of  special  flxt\ires  connected  with  spring  rings 
and  clamps,  fastened  to  the  stems  (Fig.  11-14). 

In  mounting  tube  electrodes  on  stems.  It  Is  necessary  to  protect 
points  In  which  leads  are  seeded  Into  glass  or  points  In  which  glass 
Is  joined  to  the  plates  of  hlgh-poser  tubes  against  radiation  from 
electrodes,  particularly  from  cathodes  and  plates.  Overheating  of  a 
joint  may  lead  to  cracking  of  the  glass  and  failure  of  the  tube.  In 
addition.  In  tubes  with  high  Intereleotrode  voltages.  It  Is  necessary 
to  provide  protection  for  joints  against  high  potential  gradients,  and 
paz*tloularly  in  the  presence  of  irregularities  and  sharp  ends  of  elec¬ 
trodes  such  as,  for  example,  where  the  plate  of  a  high-power  tube  is 
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FLg.  Notintlng 

parts  In  a  aM<llU]ii«ipoirer 
tuba. 


Hg.  11-14.  Mounting 
parts  In  a  high-powor 
tube. 


joined  to  glass.  Suoh  protection  Is  aoooiqpllshed  with  the  aid  of 
speolal  shields  which  aay  slaultaneouily  serve  as  fastening  elsaints. 
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CJhapter  Twelve 

ELECTRON  TUBES  FOR  SUPERHIGH  FREQUENCIES 

12-1.  BASIC  OPERATING  FEATURES  OP  ELECTRON  TUBES  AT  SUPERHIGH 
FREQUENCIES. 

In  modern  radio  engineering,  oscillations  at  superhlgh  frequencies 
are  frequently  used.  In  practice,  the  following  superhigh-frequency 
(SVCh*  [SHF])  bands  are  In  use:  metric  wavelengths  for  UKV**  [VHP] 

(frem  30  to  300  Me)  and  three  SHF  sub -bands  —  the  declmetrlc  (from  300 
to  3000  Me),  the  centlmetrlc  (from  30OO  to  30,000  Me),  and  the  mllll- 
metrlc  (above  30,000  Me).  Ihls  division  Is  arbitrary,  since  there  are  no 
sharp  boundaries  between  the  subdivisions  Indicated. 

In  SHF  operation,  electron-tube  properties  that  were  not  very 
noticeable  In  lower -frequency  operation  begin  to  tedee  effect.  The 
possibility  of  utilizing  electron  tubes  for  microwave  work  Is  limited, 
first,  by  the  Increase  In  power  losses  as  frequency  rises,  resulting 
In  a  drop  In  the  useful  power  delivered  by  a  circuit,  second,  by  the 
presence  of  Internal  tube  capacitances  eind  Inductances  which  at  micro- 
wave  frequencies  turn  out  to  be  of  the  same  order  as  the  capacltcmces 
and  conductances  of  external  RP  circuits  and,  third,  the  fact  that  the 
electron  transit  time  between  electrodes  becomes  comparable  with  the 
peJTlod  of  the  generated  or  amplified  alternating  voltage. 

As  an  example,  let  us  consider  the  value  of  the  capacitances  and 
conductances  of  the  Intratube  leads.  The  Inductance  of  a  wire  lead  I5  mm 
long  and  0.6  mm  In  diameter  Is  about  O.lSyUh.  At  a  frequency  of  3000  Me, 
the  reactance  of  this  length  of  wire  equals  about  3500  ohms.  High  fre¬ 
quency  tube  cui»rents  create  a  noticeable  voltage  drop  across  the  lead 


*  [ CBq  -  SVCh  -  sverkhvysokaya  chastota  -  superhlgh  frequency.  ] 

**  [  YKB  -  UKV  -  ul * trakorotklye  volny  -  ultrashort  wave  (VHP).] 
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reactances,  and  as  a  result,  the  tube  Interelectrode  voltagee  differ 
sharply  from  the  applied  voltages. 

It  taJces  very  complicated  equations  to  describe  the  effect  of  all 
of  these  factors  upon  the  operation  of  tubes  In  the  microwave  region. 
Below  we  shall  consider  the  basic  qualitative  relationships  determining 
the  structural  features  of  tubes  designed  for  microwave  operation. 

12-2.  TUBE  INTERNAL  CAPACITANCES  AND  CONDUCTANCES. 

When  electron  tubes  operate  In  microwave  oscillation  and  ampllfl- 
cation  circuits,  the  Interelectrode  capacitances  turn  out  to  be 
connected  In  parallel  with  the  external  tank  circuits  (for  circuits  In 
T^rhlch  the  tuned  loops  use  lumped  Inductances  and  capacitances).  In 
order  to  obtain  the  necessary  gain  and  power.  It  Is  necessary  to  have 
a  high  enough  value  of  tuned-clrcult  resonant  Inqpedeuice,  which  depends 
upon  the  tuned-clrctilt  constants  and  the  frequency  In  accordance  with 
the  expression,  well  known  In  i«,dlo  engineering! 


7  _  I 


(12-1) 


where  (jj  Is  the  angxxlar  velocity;  R  Is  the  resistance,  and  C  Is  the 
tuned-clrcult  capacitance.  Since  as  frequency  Increases,  the  resonant 
ln5)edance  of  a  timed  circuit  drops  In  proportion  to  the  square  of  the 
frequency.  In  order  to  obtain  the  required  value  of  resonant  lng)edance. 
It  Is  necessary  to  decrease  the  tuned -clreult  capacitance,  while  se¬ 
lecting  an  appropriate  value  of  Inductsmce.  Even  If  the  capacitance 
of  the  tuned  circuit  Itself  should  be  zero,  however,  the  m«ri imiwi  reso¬ 
nant  Impedance  that  can  be  obtained  will  still  be  limited  by  the  values 
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of  tube  Internal  oapacltances  i  the  output  capacitance  for  the  tube  of 


Pig.  12-1.  'M.ode  Input  circuit. 

a  given  stage,  and  the  Input  capacitance  of  the  tube  In  the  follovirlng 
stage  of  amplification. 

For  trlodes,  the  magnitude  of  the  input  capacitance  under  dynamic 
conditions  is  determined  basically  by  the  grid-plate  and  grid-cathode 
capacitances;  as  we  have  noted  befoi*e,  the  grid-plate  capacitance 
enters  into  the  expression  for  the  dynamic  Input  capacitance  with  the 
multiplier  +  !)•  Since  both  Interelectrode  capacitances  are  on  the 
same  order.  It  Is  the  grld-^late  capacitance  that  has  the  basic  effect. 

In  RP  pentodes  and  tetrodes,  the  control -grid  —  plate  capacitance 
has  a  value  that  Is  less  by  a  factor  of  hundreds  than  the  value  for 
trlodes,  and  Its  effect  upon  the  dynamic  Input  capacitance  of  the  tube 
Is  slight. 

The  dynamic  output  capacitance  Is  determined  by  the  tube  plate- 
cathode  capacitance.  In  pentodes,  this  capacitance  Is  Increased  owing 
to  the  plate -suppressor  capacitance,  which  limits  their  usefulness  at 
frequencies  above  400-500  Me. 

Ihe  considerations  Just  mentioned  are  applicable  to  tubes  operating 
In  common-cathode  circuits,  in  which  the  Input  circuit  Is  connected 
between  cathode  and  grid,  and  the  output  clrcxxlt  between  cathode  and 
plate. 

Of  all  of  the  tube  Internal  Inductances  Involved  In  common-cathode 
circuits,  the  greatest  effect  Is  produced  by  the  cathode-lead  Inductance, 
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which  produces  coupling  between  the  Input  and  output  circuits  of  the 
tube.  As  a  result  of  this  coupling,  power  Is  transferred  from  the  grid 
circuit  to  the  plate  circuit;  In  this  case,  the  amo\int  of  power  expended 
by  the  soTirce  of  excitation  voltage  rises  In  proportion  to  the  square  of 
the  frequency.  This  proves  to  be  especially  substantial  for  SHF  trans¬ 
mitting  tubes  operating  class  C,  l.e. ,  with  a  large  amount  of  excitation 
power  consumed. 

Electrode -lead  Inductances  limit  the  maximum  frequency  at  which  a 
tube  may  serve,  since  these,  together  with  the  Interelectrode  capaci¬ 
tances,  form  series  resonant  circuits,  connected  In  parallel  with  the 
Input  and  output  loops  of  the  circuit.  The  maximum  frequency  at  which  a 
tube  can  still  operate  may  not  exceed  the  natural  resonant  frequency  of 
the  loops  formed  by  these  Inductances  and  capacitances. 

As  an  exanple,  let  us  consider  a  trlode  Input  circuit  (Plg.  12-1). 
The  Inductances  of  the  grid  and  cathode  leads  and  the  grid-cathode 
capacitance  form  a  tuned  circuit  resonating  at  a  frequency  determined 
by  the  well-known  formula 


In  the  case  under  consideration,  we  shall  make  the  substitution  C  = 

=  C  and  L  =  L  +  I*  .  If  C  .  =  1.4>i^f,  and  the  total  Inductance  of 

OeiC  C  iC  C«iC 

-8  / 

the  cathode  and  grid  leads  Is  L  =  3*10  henry  (these  are  approximately 
the  values  for  the  best  receiving -amplifying  trlodes  with  wire  leads), 
then  the  ineiriimiin  frequency  at  which  such  a  trlode  may  operate  will 
equal : 


— ■■■  ==700  Me. 


A  similar  effect  Is  produced'  by  the  output  capacitance  and  the  plate 
and  cathode  lead  Inductance,  which  form  an  output  resonant  circuit. 
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These  considerations  are  equally  applicable  to  pentodes. 

A  substantial  effect  upon  the  operation  of  SHF  amplifier  cli»cults 
Is  pi*oduced  by  tube  transfer  capacitance,  which  determines  the  coupling 
between  the  plate  and  grid  circuits.  The  resulting  feedback  may  lead 
to  the  generation  of  Internal  oscillations,  sharply  Increasing  the 
power  consumed  In  the  tube,  and  disturbing  the  operation  of  the 
amplifier. 

12-3.  ELECTRON  TRANSIT  TIME.  TRANSIT  ANGLE. 

In  studying  processes  occurring  In  tubes  at  moderate  frequencies, 
it  may  be  assumed  that  the  time  required  for  an  electron  to  move  between 
two  electrodes  will  be  such  that  during  this  period  of  time  the  electrical 
field  will  remain  nearly  unchanged,  since  the  period  for  voltage  changes 
on  the  electrodes  Is  majiy  times  greater  than  the  electron  time  of  flight. 
In  microwave  operation,  this  condition  does  not  hold:  the  electron 
transit  time  between  electrodes  becomes  coii5>arable  with  the  period  of 
the  alternating  voltage.  In  a  planar  diode  with  a  constant  plate  voltage, 
let  U  =  25  V,  and  the  plate -cathode  spacing  be  r  =0.2  cm.  In  accordance 

&  A 

with  formula  (5-16) (Chapter  Five),  let  us  determine  the  time  req\ilred 
for  an  electron  to  pass  from  the  cathode  to  the  plate: 


r  /FI 


« 0,2.10-*  sec.  * 


If  In  addition  to  the  constant  voltage,  an  alternating  voltage  Is 
applied  between  the  plate  and  cathode  of  this  diode  at  a  frequency  of 

Q 

250  Me,  l.e.,  with  a  peid.od  T  =  0.4*10  sec,  the  transit  time  will 
turn  out  to  equal  half  a  cycle  of  this  voltage.  We  should  note  that 
this  calculation  Is  connect  for  very  small  AC  amplitudes,  that  have 
practically  no  effect  upon  the  velocity  of  the  electron. 


*  “  "'^el  "  "^elektron  “ 


electron 
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Ihe  plct\ire  of  electron  motion  changes  if  the  alternating -voltage 
aniplltude  becomes  con^jarable  with  the  constant  voltage,  or  if  the  alter¬ 
nating  voltage  alone  is  applied  between  the  tube  electrodes.  In  this 
case,  the  transit  time  turns  out  to  be  different  for  electrons  leaving 
the  cathode  at  different  Instants  of  time,  since  they  move  In  the  Inter¬ 
electrode  spaces  In  the  presence  of  vartous  values  of  electric  field 
strength. 

In  order  to  evaluate  the  Influence  of  electix»n  transit  time  upon 
tube  operation,  we  Introduce  the  concept  of  the  transit  angle.  The 
transit  angle  Is  defined  as  the  angle  corresponding  to  the  change  in 
phase  of  an  alternating  voltage  during  the  time  of  flight  of  an  elec¬ 
tron  from  one  electrode  to  another.  Por  exan5)le.  If  the  cathode -plate 
transit  time  for  an  electron  In  a  diode  equals  a  quarter  cycle  of  the 
alternating  voltage  then,  while  the  electron  Is  passing  from  the  cathode 
to  the  plate,  the  phase  of  the  alternating  voltage  will  change  by  90° 
(or'r/2  [radians]).  This  means  that  the  transit  angle  9  =  90°.  Conse¬ 
quently,  the  transit  angle  may  be  found  from  the  following  eaqpressloni 

(12-3) 

where  T  Is  the  period  of  the  alternating  volteige. 

In  cases  where  the  alteraatlng -voltage  amplitude  Is  small.  It  Is 
possible  to  find  out  how  the  transit  angle  depends  upon  the  geometry  of 
the  Interelectrode  space  and  the  operating  regime  of  the  tube.  Substi¬ 
tuting  Into  Eq.  (12-3)  the  transit -angle  value  from  expression  (5-16), 
and  making  the  substitution  T  =  l/f,  we  obtain i 

18  i  [degrees],  (12-4) 

where  Uq  Is  the  magnitude  of  the  constant  voltage. 

Por  large  alternating -voltage  ano^lltudes,  where  the  tz^anslt  time 
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and,  consequently,  the  transit  angle  differ  for  electrons  leaving  at 
different  Instants  of  time,  the  concept  of  the  Imaginary  transit  angle 
Is  Introduced.  The  Imaginary  transit  angle  Is  defined  as  the  transit 
angle  computed  for  a  constant  voltage  equal  to  the  an^jlltude  of  the 
alternating  voltage.  This  angle  may  be  calculated  In  accordance  vd.th 
formula  (12-4),  If  we  substitute  Into  It  In  place  of  the  constant 
voltage  Uq  the  amplitude  of  the  alternating  voltage  U^. 

Formula  (12-4)  holds  If  a  tube  Is  operated  under  space-charge-  ’  ’ 

limited  current  conditions.  In  practice.  It  Is  frequently  necessary  to 
deal  with  an  operating  regime  In  which  the  effect  of  the  space  charge 
Is  negligible  (for  exanple,  the  motion  of  electrons  In  the  grid-plate 
space  of  a  trlode).  In  this  case,  the  transit  angle  proves  to  be  lower, 
and  It  may  be  computed  from  the  formula 

0=12-^  [degrees]  (12-5) 

The  effect  of  electi?on  transit  time  on  tube  operation  may  be 
neglected  where  the  transit  angle  has  a  value®  <0.l7r,  l.e. ,  where  the  a 
transit  time  Is  less  than  one-twentieth  of  a  cycle  of  the  alternating 
voltage.  At  larger  angles  Q ,  the  transit  time  has  a  noticeable  effect 
upon  tube  operation. 

12-4.  EFFECT  OF  ELECTRON  TRANSIT  TIME  UPON  TDBE  OPERATION. 

For  large  transit  angles,  the  magnitude  of  tube  electron  currents 
may  not  be  determined  solely  In  terms  of  the  number  of  electrons  passing 
over  to  an  electrode  In  unit  time.  This  Is  connected  with  the  fact  tiiat  \ 
electrons  moving  In  Interelectrode  spaces  Induce  currents  In  electrodes, 
currents  whose  magnitudes  depend  upon  the  number  of  electrons  In  motion 
and  upon  their  velocities.  As  a  result,  a  substantial  cxirrent  may  appear 
even  In  an  electrode  upon  which  no  electrodes  whatsoever  are  Impinging. 
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Let  us  consider  this  In  more  detail,  using  the  exan^le  of  elec¬ 
trons  moving  In  a  plane  diode  (Pdg.  12-2).  An  electron  lying  between 
cathode  and  plate  Induces  on  both  electrodes  positive  charges  whose 
sum.  In  absolute  value,  equals  the  charge  on  the  electron.  If  the 
electron  Is  near  the  cathode,  then  the  charge  Induced  on  the  cathode 
exceeds  the  charge  Induced  on  the  plate.  As  the  electron  moves,  the 
magnitude  of  the  charges  Induced  upon  each  electrode  varies,  which  Is 
equivalent  to  the  appearance  of  an  electrode  current. 

The  magnitude  of  a  current  Induced  upon  an  electrode  Is  detennlned 
by  the  rate  of  change  of  the  magnitude  of  the  Induced  charge,  l.e. , 
the  rate  of  translation  of  the  electron  along  the  cathode -anode  direc¬ 
tion.  Where  there  Is  an  external  circuit  connecting  the  cathode  to  the 
plate,  the  change  In  the  charges  upon  these  electrodes  causes  an  equal¬ 
izing  current  to  appear  In  the  circuit. 

If  we  neglect  the  effect  of  space  charge.  In  a  diode  with  a  constant 
voltage  upon  the  plate,  the  distribution  of  potential  between  plate  and 
cathode  may  be  assmed  to  be  linear.  In  such  a  field,  an  electron  will 
move  with  constant  acceleration,  and  the  current  Induced  on  the  plate 
throughout  the  entire  plate -cathode  transit  time  will  rise  linearly. 
Consequently,  each  electron  leaving  the  cathode  creates  a  plate -current 
pulse  equal  In  length  to  the  transit  time  (Fig.  12-3).  Ihe  total  plate 
current  Is  found  In  tenas  of  the  stim  of  the  current  pulses  Induced  by 
aJLl  electrons  moving  In  the  plate-cathode  space. 

Let  us  consider  still  two  more  cases  of  formation  of  Induced 
currents  In  a  diode  In  the  presence  of  an  alternating  voltage  between 
plate  and  cathode.  In  the  first  case,  we  will  assume  that  the  anplltude 
of  the  alternating  voltage  Is  small  In  comparison  with  the  constant 
voltage  and,  consequently,  that  the  transit  angle  for  all  electrons  Is 
Identical.  The  stream  of  electrons  leaving  the  cathode  Is  mentally 
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divided  Into  separate  layers,  vd.th  the  ele-^tron  density  In  each  layer 


Fig.  12-2.  Ponnatlon  of 
an  Induced  ctirrent  In  a 
diode. 

l)  Cathode;  2)  plate. 


Fig.  12-3.  Current  ptilse 
Induced  by  a  single 
electron. 


dependent  upon  the  phase  of  the  alternating  voltage  at  the  Instant  the 
layer  Is  defined  at  the  cathode.  Maximum  density  will  evidently  occur 
In  that  layer  which  leaves  the  cathode  when  the  alternating  plate 
voltage  Is  at  a  maximum.  I^on  moving  toward  the  plate,  each  of  these 
layers  sets  up  a  plate -current  pulse  whose  amplitude  depends  upon  the 
nximber  of  electrons  In  the  layer.  The  resultant  plate  ciu?rent  will  con¬ 
tain  an  alternating  congjonent  which  will  lag  behind  the  phase  of  the 
alternating  voltage  by  the  transit  angle.  If  the  effect  of  the  alternat 
Ing  voltage  upon  the  electi*on  transit  angle  cannot  be  neglected,  the 
phase  shift  will  differ  from  the  con?)uted  Imaginary  transit  angle. 

Ftor  our  second  example,  we  will  examine  the  case  In  which  only  an 
alternating  voltage  at  a  microwave  frequency  Is  applied  to  the  plate. 
Electrons  leaving  the  cathode  during  the  positive  half  cycle  move 
toward  the  plate.  A  portion  of  these  electrons.  In  moving  toward  the 
plate,  fall  Into  a  retarding  field,  since  during  the  transit  time, 
the  plate  can  become  negative.  Some  electrons  reach  the  plate  at  lower 
velocities,  while  the  rest  will  retxirn  to  the  cathode.  The  larger  the 


transit  angle,  the  smaller  Is  the  number  of  electrons  that  can  reach 
the  plate.  It  has  been  con^juted  theoretically,  for  example,  that  with 
an  Imaginary  transit  angle  of  120°,  about  50  per  cent  of  the  electrons 
will  return  to  the  cathode.  The  current  Induced  on  the  plate  will  have 
an  alternating  component  at  the  fundamental  frequency,  shifted  In  phase 
relative  to  the  alternating  voltage.  As  the  frequency  goes  up.  It  Is 
possible  to  reach  such  values  of  transit  angle  that  no  electrons  at  all 
will  strike  the  plate,  and  the  current  through  the  diode  will  be  purely 
capacitive  In  nature. 

Thus,  an  Increase  In  the  transit  angle  leads  to  the  appearance  of 
a  phase  shift  between  the  c\irrent  on  the  electrodes  and  the  controlling  > 
alternating  voltage. 

The  effect  of  electron  transit  time  upon  trlode  operation  Is 
primarily  felt  In  the  appearance  of  a  conductance  con^ionent  In  the 
grid-cathode  circuit,  which  leads  to  an  Increase  In  the  power  consumed 
In  the  excitation  circuit.  When  electrons  move  In  the  cathode -grid 
space  and  In  the  grid-plate  space,  an  Induced  current  appears  upon  the 
grid.  The  electrons  moving  from  grid  to  plate  Induce  a  current  whose 
direction  Is  opposite  to  the  direction  of  the  current  Induced  by 
electrons  moving  from  cathode  to  grid.  At  small  transit  angles,  the 
magnitude  of  the  current  on  both  sides  of  the  grid  Is  the  same,  and  the 
Induced  currents  cancel.  With  large  transit  angles,  the  current  In  the 
gi?ld-cathode  space  will  differ  from  the  current  In  the  grid-plate 
space,  ar^d  an  alternating  current  will  be  Induced  on  the  grid  that  Is 
shifted  In  phase  with  respect  to  the  alternating  voltaige  of  the  grid. 

The  active  component  of  this  current  will  also  determine  the  power  oon- 
stuned  In  the  grid  circuit. 

Since  there  Is  no  electronic  current  on  the  grid  (with  a  sufficient¬ 
ly  large  negative  bias),  the  power  consumed  In  the  grid  clreult  cajinot 
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be  evolved  directly  at  the  grid.  A  physical  Interpretation  of  this 
power  consumption  may  be  given  if  we  consider  the  Interaction  of  the 
electrons  with  the  high-frequency  field  of  the  grid.  A  portion  of  the 
electrons  leaving  the  cathode  during  the  positive  half  cycle  of  the 
alternating  grid  voltage  will  be  accelerated  along  the  path  from 
cathode  to  grid  by  the  high-frequency  field,  gaining  energy  In  the 
process.  If  after  the  electrons  reach  the  plane  of  the  grid, .the  voltage 
becomes  negative, the  field  set  up  by  this  voltage  again  turns  out  to 
be  an  accelerating  field  In  respect  to  the  electrons  and,  consequently, 
the  electrons  will  gain  energy  from  the  high-frequency  grid  field  along 
the  entire  path  from  cathode  to  plate.  The  kinetic  energy  acquired  by 
these  electrons  Is  given  up  at  the  plate,  and  appears  as  heat.  Similarly, 
a  portion  of  the  electrons  leaving  the  cathode  during  the  negative 
half  cycle  of  the  alternating  grid  voltage  will  move  In  a  retarding 
high-frequency  field  along  the  entire  path  to  the  plate,  and  will  give 
up  their  energy  to  the  grid  circuit.  Since  more  electix>ns  will  leave 
the  cathode  during  a  positive  half  cycle  than  during  a  negative  half 
cycle,  the  energy  taken  from  the  grid  circuit  turns  out  to  be  greater 
than  that  returned  to  It.  As  a  result,  power  Is  drawn  from  the  source  of 
grid  excitation,  and  the  power  reappears  at  the  plate  as  heat. 

The  greater  the  electron  transit  euigle,  the  more  electrons  fall 
Into  the  "reverse"  phase  of  the  alternating  grid  voltage  after  reaching 
the  grid  and,  consequently,  the  greater  the  power  losses  of  the  excita¬ 
tion  source.  A  mathematical  analysis  of  this  phenomenon  shows  that  the 
power  loss  In  a  gid-d  clrcvilt  rises  In  proportion  to  the  squ8u?e  of  the 
frequency. 

The  size  of  the  transit  angle  In  the  cathode -grid  space  has  a 
great  effect  upon  trlode  operation.  As  this  angle  Increases,  at 
sufficiently  large  alternating-voltage  amplitudes,  a  portion  of  the 
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electrons  leaving  the  cathode  cannot  pass  beyond  the  grld^  and  are 
returned  to  the  cathode.  As  a  result,  the  nimber  of  electrons  e^tpeid-enc- 
Ing  high-frequency  oscillations  drops  and  the  RP  power  also  drops.  In 
addition,  some  of  the  electrons  retarded  in  the  grid-cathode  space  do 
not  succeed  in  reaching  the  cathode,  and  are  again  turned  back  to  the 
grid  and  pass  into  the  grid-plate  space.  These  electrons  may  fall  into 
a  phase  that  is  "neutral"  with  respect  to  the  alternating  volteige  on 
the  plate.  In  other  words,  these  electrons  may  Induce  current  pulses 
on  the  plate  that  will  lead  to  danqjlng  of  oscillations. 

Both  theory  and  practice  of  designing  microwave  tubes  have  shown 
that  the  maximum  transit  angle  in  the  cathode-grid  space  at  which  the 
tube  will  still  operate  is  an  angle  close  to  120°. 

An  increase  in  the  transit  angle  in  the  grld^late  space  Increases 
the  phase  shift  between  the  alternating  components  of  the  plate  ciirrent 
and  the  plate  voltage,  resulting  in  a  drop  in  RP  power. 

As  may  be  seen  from  formulas  (12-4)  and  (12-5),  there  are  two 
ways  to  decrease  the  transit  angle :  a  decrease  in  Interelectrode 
spacing  and  an  Increase  in  working  voltages.  The  first  is  the  basic 
method  for  decreasing  transit  angles.  There  are  limitations  upon  de¬ 
creasing  grid-cathode  spacing  from  the  point  of  view  of  the  production 
technology  for  these  elements  and  accxiracy  of  tube  assembly.  As  has 
been  shown,  when  the  grid-cathode  spacing  is  decreased,  it  is  simul¬ 
taneously  necessairy  to  decrease  the  grid  pitch  and,  consequently,  the 
grid-wire  diameter.  In  modern  microwave  tubes,  this  spacing  ranges  from 
15  to  200  microns.  It  should  be  noted  that  bringing  the  grid  closer  to 
the  cathode  decreases  the  transit  angle  considerably  more  rapidly  than 
it  would  appear  from  the  foimrulas  given.  This  is  explained  by  the  fact 
that  in  modem  tubes  with  cathodes  that  have  high  emission,  the  transit 
time  is  detennlned  not  by  the  grid-cathode  spacing  but  by  the  separation 
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of  the  grid  from  the  space  charge  that  forms  the  virtual  cathode. 

An  Increase  In  the  an5)lltude  of  the  working  voltages  leads  to  a 
sharp  rise  In  the  thermal  loads  on  electrodes,  and  the  cathode  mean- 
current  load.  The  resiiltlng  power  losses  are  not  compensated  by  a 
gain  In  RP  power  owing  to  a  decrease  In  transit  angle,  while  cathode 
life  decreases  sharply.  Thus,  as  a  rule,  microwave  tubes  are  operated 
under  lower  working  voltages  than  are  long -wave  tubes. 

12-5.  ENEROY  LOSSES  IN  MICROWAVE  OPERATION  OP  TDHES. 

Energy  losses  In  tubes  operating  In  the  microwave  region  may  be 
classified  as  follows:  1)  Losses  In  electrode  leads  where  the  alter¬ 
nating  RP  voltages  are  applied,  and  on  the  electrodes  themselves; 

2)  losses  owing  to  radiation  of  energy;  3)  dielectric  losses  In  Insula¬ 
tors;  4)  energy  losses  owing  to  RP  currents  Induced  In  tube  elements 
to  which  RP  alternating  voltages  are  not  applied.  Let  us  consider  the 
\  reasons  for  these  losses. 

Energy  losses  in  electrodes  and  leads  occur  owing  to  skin  effect 
In  the  microwave  region.  As  a  result,  there  Is  a  sharp  rise  In  lead 
resistance,  since  current  Is  conducted  only  by  a  thin  surface  layer. 

The  theory  of  the  electric  field  In  conductors  gives  the  following  ^prox¬ 
imate  expression  for  the  ratio  of  the  AC  resistance  of  a  conductor  to 
the  DC  resistance: 


^'nocT  ’ 

In  this  formula,  d^  is  the  lead  diameter;  f  is  the  AC  frequency; 
a  and  Uq  respectively  the  relative  magnetic  penseability  of  the 

^®hoct  “  ^ost  “  ^ostoyannaya  “  ^direct' 

^  SB  “  ‘^vv  ""  ^wod  "  ^ead*  ^ 
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lead  material  and  the  magnetic  permeability  of  free  space;  y  Is  the 
conductivity  of  the  lead  material.  All  quantities  are  e^cpressed  In  the 
absolute  practical  system  (MKSA). 

It  Is  clear  that  the  Increase  In  lead  resistance  Is  greater  where 
materials  with  high  magnetic  permeability  are  used  (iron,  nickel,  and 
many  other  alloys).  Thus,  the  resistance  of  a  round  Iron  wire  1.0  mm 
In  diameter  Increases  by  nearly  a  factor  of  20  at  a  frequency  of  3000  Me, 
while  the  resistance  of  a  nickel  wire  of  the  same  dimensions  Increases 
by  about  six  times  In  comparison  with  the  DC  resistance.  Thus,  In  tubes 
for  the  declmetrlc  and  centlmetrlc  bands,  nonmagnetic  materials  are  used 
for  the  leads.  One  way  to  deci*ease  lead  losses  Is  to  copper  or  silver 
the  lead  surfaces,  which  decreases  the  surface  resistance.  Here  It  Is 
necessary  to  pay  special  attention  to  the  tightness  of  the  surface 
layer,  since  the  normally  utilized  electrolytic  method  of  plating  pro¬ 
duces  a  porous  metal  structure.  It  Is  necessary  to  protect  the  lead 
surfaces  against  oxidation,  which  sharply  Increases  lead  resistance. 

The  same  considerations  also  apply  to  the  materials  of  the  tube 
electrodes  themselves;  the  HP  currents  also  flow  along  the  surfaces 
of  the  electrodes.  Tills  Is  the  reason  that  It  Is  desirable  to  manufac¬ 
ture  Internal  elements  and  electrodes  of  tubes  from  materials  with  good 
conducting  properties  (for  exan5)le,  copper)  and  to  silver-plate  their 
surfaces.  Electrodes,  too,  cannot  be  allowed  to  oxidize  or  to  acciunulate 
various  films  of  particles  on  their  siu*faces  that  have  poor  conductance. 

Electrode  and  lead  losses  Increase  In  microwave  operation,  since 
there  are  large  capacitive  currents  flowing  at  values  determined  by  the 
Interelectrode  capacitances,  the  amplitudes  of  alternating  voltages, 
and  the  frequency.  These  losses  Increase  with  frequency,  first,  owing 
to  an  Increase  In  the  capacitive  Interelectrode  conductance,  and, 
second,  owing  to  an  Increase  in  the  resistance  of  the  current -candying 


portions  of  the  tube 


Fig.  12*4.  Detemlnatlon 
of  dleleotrlc  lose  angle. 

A  substantial  amotint  of  mlcrovrave  energy  may  be  radiated  Into 
space  from  the  current-carrying  section  of  a  tube  and  circuit.  In  the 
microwave  region,  the  length  of  current-carrying  conductors  turns  out 
to  be  on  the  same  order  as  the  wavelength,  and  thus  the  radiation  of 
energy  Into  space  from  these  conductors  becomes  considerable.  As  we 
know  from  radio  engineering,  there  Is  a  considerable  drop  In  radiation 
losses  when  coaxial  two -conductor  lines  are  used  consisting  of  two 
concentric  cylindrical  conductors.  Thus,  tubes  designed  for  microwave 
operation  and  In  partlciilar  tubes  for  the  declmetrlc  and  centlmetrlc 
ranges  should  provide  for  connection  to  coaxial  lines. 

Large  power  losses  may  also  be  caused  by  induction  currents  In 
tube  electrode  circuits  that  are  not  directly  connected  with  RP  loops 
In  the  circuit.  The  heater  circuit  Is  an  example  of  this.  In  order  to 
decrease  such  losses.  It  Is  necessary  to  carry  out  careful  shielding 
of  auxiliary  elements  against  the  effect  of  the  RP  fields. 

In  the  declmetrlc  and  centlmetrlc  iwiges,  RP  losses  In  Insulators 
become  appreciable.  These  losses  are  associated  with  processes  occurring 
during  the  periodic  change  In  dielectric  polarization j  the  magnitude  of 
the  losses  depends  upon  the  properties  of  the  dielectric  and  the  fre¬ 
quency  of  the  alternating  voltage.  Dielectric  properties  are  normally 
characterized  by  the  so-called  loss  euigled  .  The  concept  of  the  loss 
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angle  Is  entailed  by  a  consideration  of  pi*oceBBes  taking  place  In  a 
capacitor.  The  preeence  of  dielectric  loBsee  In  a  capacitor  leads  to  the 
appearance  of  an  ln.^)hase  cuin:*ent  component  through  the  capacitor.  Thus, 
the  current  throx:igh  a  capacitor  leads  the  voltage  not  by  90^ ,  but  by 
a  somewhat  smaller  angle,  as  shown  In  the  vector  diagram  (Pig.  12-4). 

The  angle  formed  by  the  difference  between  90°  and  the  lead  einglel^ 

Is  caJLled  the  loss  angle,  and  characterizes  the  properties  of  the 
dielectric.  Clearly,  the  greater  the  loss  angle,  the  greater  the  In- 
phase  current  con^jonent,  and  the  greater  the  thermal  losses  In  the  In¬ 
sulation. 

Designating  the  pure  resistance  of  a  capacitor  by  r  and  the  > 

i*eactance  by  X  =  l/u>C,  we  may  find  the  magnitude  of  the  In-phase  current 
component  through  a  capacitor  and  the  reactive  component 

=  (12-7) 


(12-8) 

Prom  the  vector  dlagi?am 

(12-9) 

from  which  we  determine  the  pure  resistance 


I 

uCtg  »  • 


(12-10) 


Consequently,  the  Insulation  resistance  drops  and  the  dielectric 
losses  rise  as  the  alternating -voltage  frequency  goes  up.  Ihus,  In 
tubes  for  microwave  operation.  It  Is  necessary  to  utilize  materials 


*  [tg  -  tsm.  ] 
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with  low  loss  angles  for  envelopes  and  tube  Internal  Insulators. 

Table  12-1  shows  that  the  best  material  from  the  point  of  view  of 
dielectric  losses  are  mica  and  special,  ceramics,  as  well  as  certain 
types  of  glass. 


It  Is  also  clear  from  the  table  that  for  RP  tube  leads.  It  Is 
necessary  to  utilize  carbollte  bases. 


TABLE  12-1. 


Q  Marepiiaji 

^TanreHC  yrina  norepb 

2  Kap6o;iHT  (jaa  uoxo.ieA) . 

(400+800).  10-‘ 

WCBlIHUOBOe  CTCK.IO . 

(84-12).  10-‘ 

®  CtCK.IO  .IIOHeKC* . 

(44-6).  10-‘ 

CreaTMTOBaa  KepaMHKa  (ajib  6aJiA0- 

hob) . 

(104-14).  10-‘ 

^AAyHAoaaa  KepautiKa  (Aaa  SajiAOHOB) 

(34-4,5).  I0-* 

(gCaioAa  MycKOBHT . 

(1.54-2).10-* 

1)  Material;  2)  loss  tangent;  3)  carbollte  (for  bases); 

4)  lead  glass;  5)  "nonex"  glass;  6)  steatite  ceramic  (for 
envelopes);  7)  alundum  ceramic  (for  envelopes);  8)  common  mica. 


12-6.  AMPLIFIER  TUBES  FOR  THE  METRIC  (VHF)  BAND. 

We  may  draw  the  following  conclusions  from  a  consideration  of  the 
causes  for  deterioration  In  the  operation  of  electronic  tubes  In  the 
microwave  region:  1)  Tube  designs  for  microwave  operation  should  provide 
for  the  maximum  decrease  In  Interelectrode  capacitances  and  lead  In¬ 
ductances;  2)  the  Interelectrode  spaclngs  and  working  voltages  on  the 
electrodes  should  provide  the  minimum  electron  trsmslt  angles;  3)  In 
order  to  provide  adequate  circuit  efficiency.  It  Is  necessary  to  take 
steps  to  decrease  RF  losses  In  structural  elements  and  tube  and  circuit 
elements. 

For  tubes  operating  In  VHF  bands,  the  basic  problem  Is  to  decrease 
Interelectrode  capacitances  and  lead  Inductances.  In  receiving -amplifying 
tubes,  the  problem  Is  solved  by  decreasing  the  dimensions  of  the  tube 
electrodes,  and  by  decreasing  lead  length  while  simultaneously  separat- 
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Ing  them  from  each  other.  Miniature  and  subminiature  tubes  are  examples 
of  such  designs.  We  should  note  that  miniature -tube  design  has  as  its 
goal  not  only  an  Improvement  in  the  RP  properties  of  the  tubes,  but 
also  a  decrease  in  their  size,  weight,  and  power  consumption,  which 
in  turn  leads  to  a  decrease  in  the  size  and  weight  of  radio  equipment. 
Thus,  other  types  of  miniature  and  submlnlature  tubes  are  designed,  in¬ 
tended  for  service  not  only  at  high  frequencies,  but  for  audio -frequency 
amplification  service  as  well. 

A  decrease  in  electrode  surface  area  leads,  first,  to  a  need  for 
a  substantial  decrease  in  Interelectrode  spaclngs  in  order  to  provide 
the  required  tube  characteristics.  This  refers  primarily  to  the  cathode - 
control  grid  spacing  which  determines  the  tube  transconductance.  In 
several  types  of  tubes,  this  spacing  may  be  on  the  order  of  40-50 
microns,  which  technically  con^^llcates  the  manufacture  of  such  tubes 
owing  to  the  need  for  making  tube  elements  with  very  small  tolerances. 

A  second  consequence  of  a  decrease  In  the  electrode  dimensions  Is 
a  decrease  In  the  permissible  power  dissipation  on  the  plate,  grids, 
and  envelope  of  the  tube.  This  In  turn  limits  the  possibility  of  ob¬ 
taining  high  enough  RP  power  In  amplifier  circuits.  In  the  majority  of 
miniature  and  submlnlature  tubes,  the  plates  and  envelopes  operate 
with  the  maximum  permissible  values  of  specific  power  dissipation. 

In  order  to  decrease  capacitances  between  leads  and  lead  Induc¬ 
tances,  tubes  are  made  without  bases  and  with  short  leads.  Miniature 
(button-type)  tubes  are  manufactured  with  button  stems;  in  this  case, 
the  leads  simultaneously  act  as  pins.  Ihe  plate  and  control -grid  leads 
are  separated  as  far  as  possible  from  each  other  (Plg.  12-5a).  In  sub¬ 
mlnlature  tubes  having  stems  formed  by  stamping  the  end  of  the  envelope, 
the  leads  are  located  In  a  single  plane  In  such  manner  that  the  plate 
and  control -grid  leads  are  shielded  from  each  other  by  the  leads  of  the 


other  electrodes  (Plg.  12-5b). 

As  we  have  already  said,  the  Inductance  of  the  cathode  lead  has  a 
substantial  effect  upon  the  magnitude  of  the  tube  Input  resistance; 
this  lead  Is  a  common  element  In  the  plate  and  grid  circuits.  In  order 
to  decrease  the  effect  of  cathode -lead  Inductance,  tubes  for  the  metric 
and  declmetrlc  ranges  are  constructed  with  two  cathode  leads,  which 
makes  It  possible  to  separate  the  plate  and  grid  circuits  (Plg.  12-6). 
An  example  of  a  tube  constructed  In  this  manner  Is  the  6ZhlP  [6AK5] 


Plg.  12-5.  Base  arrangement 
for  miniature  (a)  and  sub- 
mlnlature  (b)  pentodes. 


miniature  pentode,  whose  base  arrangement  Is  shown  In  Plg.  12-5a. 

A  second  type  of  electronic -tube  design  for  the  metric  range  Is 
the  6ill -glass  construction.  Such  tubes  use  a  button  stem  having  a 
large  clrcximference  along  which  the  leads  are  located  (Plg.  12-7). 

The  types  of  tube  described  find  wide  application  at  frequencies 
up  to  150-200  Me.  At  somewhat  higher  frequencies  (wavelengths  of  SO¬ 
TO  cm).  It  Is  possible  to  use  "acorn"  type  tubes.  The  envelopes  of 
such  tubes  consist  of  two  bowl -shaped  halves  sealed  together  by  a 
so-called  welt -type  seal.  The  tube  electrode  leads  are  located  along 
the  periphery  of  the  seal,  which  considerably  decreases  the  mutual 
capacitances.  In  acorn  pentodes,  the  cathode,  heater,  and  screen  and 
BuppreBBor  leadB  are  sealed  Into  the  welt  seam.  The  plate  and  control - 
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grid  leads  are  located  in  necks  In  both  sections  of  the  envelope 
(Plg.  12-8).  The  Interelectrode  capacitances  and  Interelectrode 
spaclngs  In  "acorn"  tubes  are  nearly  the  same  as  the  corresponding 
quantities  In  high-frequency  miniature  and  submlnlature  tubes.  Their 


Pig.  12-6.  Circuit  for  connecting 
a  pentode  having  separate  cathode 
leads. 

ability  to  operate  at  higher  frequencies  Is  occasioned  by  the  loca¬ 
tion  of  the  leads  which  Is  more  convenient  for  connection  into  the 
circuit,  and  which  decreases  the  capacitance  between  current -conduct¬ 
ing  wires  In  the  circuit  and  decreases  their  Inductance. 

Trlodes  operating  In  the  common-grid  (grounded -grid)  circuit 
suggested  by  M.  A.  Bonch-Bruyevich  have  found  wide  application  for 
oscillation  and  amplification  In  the  microwave  region.  In  this  circuit 
(Plg.  12-9),  the  output  tuned  circuit  Is  connected  between  the  grid 
and  the  plate.  In  this  case  the  output  capacitance  Is  the  grid-plate 
capacitance,  and  the  transfer  capacitance  Is  the  plate-cathode  capaci¬ 
tance.  By  decreasing  the  penetrance  of  the  grid.  It  Is  possible  to 
make  the  transfer  capacitance  so  small  that  stable  operation  of  the 
circuit  at  high  frequencies  Is  provided. 

As  a  rule,  miniature  and  submlnlature  receiving -anrpllfjrLng 
trlodes  are  used  In  grounded-grld  circuits.  Since  In  such  a  circuit 
the  grid  lead  Is  common  to  the  Input  and  output  clrcixlts.  In  order  to 
decrease  lead  inductance  and  to  Isolate  the  circuits,  the  trlode  grids 
are  furnished  with  not  one  but  several  leads.  The  trlodes  described 
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may  operate  In  groiinded-grld  cl3?cultB  at  frequencies  up  to  500-600  Me. 


Pig.  12-7.  aiass 
VHP  beam  pentode. 


Pig.  12-8.  "Acorn 
pentode. 


Pig.  12-9.  Ground¬ 
ed  grid  amplifier 
circuit. 

l)  Output  circuit; 


12-7.  TRANSMITTING  TUBES  POR  THE  METRIC  BAND. 

In  designing  VHP  transmitting  tubes,  the  basic  problem,  as  In  the 
case  of  receiving -aii3)llfylng  tubes.  Is  a  decrease  In  Interelectrode 


I 


Pig.  12-10,  Dual  VHP  beam- 
power  transmitting  tetrode. 


capacitances,  lead  Inductances,  and  electron  transit  time.  The  large 
amounts  of  power  dissipated  on  transmlttlng-tube  electrodes  do  not 
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permit  any  stibstantlal  decrease  In  electrode  size.  On  the  other  hand, 
the  high  Interelectrode  voltages  decrease  electron  transit  time,  which 
makes  It  possible  to  make  the  Interelectrode  spaclngs  so  large  that  the 
capacitances  between  the  electrodes  themselves  are  decreased.  Thus, 

In  designing  VHP  transmitting  tubes,  the  tube  Internal  capacitances 
are  reduced  by  shortening  the  leads  and  locating  them  rationally, 
which  should  also  provide  for  connecting  the  tube  Into  the  circuit  In 
such  manner  that  the  capacitances  between  current-carrying  wires  are 
minimized. 

The  large  alternating  currents  carried  by  transmit ting -tube 
electrodes  require  that  lead  Inductances  be  as  low  as  possible. 

Tetrodes  and  pentodes  with  continuous  plate  dissipations  on  the 
order  of  500  watts  are  nonnally  utilized  as  VHP  transmitting  tubes;  In 
many  cases,  two  tetrodes  or  pentodes  are  combined  Into  a  single  envelope. 
Such  tubes  use  glass  envelopes  with  button  stems  and  no  bases  (Plg. 
12-10).  The  plate  leads  are  brotight  out  through  the  top  of  the  envelopes 
In  order  to  decrease  the  plate  —  control -grid  capacitance.  In  order  to 
decrease  the  power  dissipated  on  the  screen  grid,  the  majority  of  tubes 
utilize  a  beam -shaping  arrangement  of  the  control  and  screen  grids. 
Depending  upon  tube  power,  oxide -coated  or  thorlated  carbui^zed  cathodes 
are  used. 

A  further  rise  In  operating  frequency  Is  associated  with  a  sharp 
drop  In  the  useful  RP  power  delivered  by  transmitting  tetrodes  and 
pentodes.  V/hen  the  tubes  are  operated  In  oscillator  circuits  with  con¬ 
stant  excitation,  an  Instability  appears  that  Is  caused  by  an  Increase 
In  the  transfer  conductance  owing  to  the  Increasing  Influence  of  screen- 
grid-lead  Inductance.  Thus,  at  frequencies  above  200-250  Me,  pentodes 
and  tetrodes  lose  their  advantages  over  trlodes. 

VHP  transmitting  tubes  designed  for  continuous  plate  dissipations 
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above  1  kw  are  In  the  majority  of  cases  made  as  trlodes  operating  In 
grounded  “grid  circuits.  The  tubes  are  designed  with  copper  plates  and 
forced  air  or  water  cooling  is  used. 


As  we  have  edready  said,  a  decrease 


o)  a )  b ) 


RLg.  12-11.  Transition  from 
several  leads  to  a  disc -type 
grid  lead. 


in  Inductance  is  possible  as 
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Pig.  12-12.  Design  of  a 
grid  for  a  high^power  UHP 
transmitting  trlode. 
ij  Cap;  2)  grid  rods; 

3)  grid  cylinder;  4)  cone; 
5)  shield;  6)  grid  base. 


I 


10)  Mppaunam  Kominx 


Pig.  I2-I3.  High-power  VHP  water- 
cooled  transmitting  trlode. 
ij  Cathode;  2)  assembled  grid; 

3)  kovar  ring;  4)  protective  skirt; 

5)  copper  contact  ring;  6)  envelope; 
7)  kovar  grid  lead;  8)  cathode  seal; 
9)  cathode  lead;  10 )  cathode  support; 
11)  flange;  12)  plate. 
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a  result  of  increasing  the  number  of  parallel  leads  to  a  single 
electrode,  since  the  equivalent  inductive  reactance  of  several  induc¬ 
tive  reactances  connected  in  parallel  is  less  than  the  reactance  of 
each  of  them  (Plg.  12 -11a).  The  limiting  case  for  increasing  the  num¬ 
ber  of  leads  is  the  utilization  of  a  disc -type  lead  which,  for  all 
practical  purposes,  can  be  assumed  to  be  Inductionless  (Plg.  12-llb). 

In  the  majority  of  high-power  transmitting  tubes  for  the  metric  band, 
the  grids  use  disc -type  leads  (Plg.  12-12).  In  such  a  design,  a  rod- 
type  or  wound  grid  is  fastened  with  the  aid  of  a  cone  to  a  nickel  base 
which  in  turn  is  bolted  to  a  kovar  disc  that  acts  as  a  lead.  Where  the 
kovar  ring  is  bent,  a  copper  ring  is  soldered  to  it,  and  the  wires 
connecting  the  grid  of  the  tube  into  the  circuit  are  run  to  it.  The 
great  advantage  of  this  type  of  lead  is  the  possibility  of  making  a 
clrc\ilt  connection  with  the  aid  of  a  tube  having  low  inductance.  On 
one  side  of  a  kovar  lead,  the  tube  cathode  seal  is  soldered,  and  on 
the  other,  a  glass  cylinder  separating  the  grid  input  from  the  plate 
(Plg.  12-13). 

Transmitting  tubes  of  this  design  may  deliver  up  to  250  kw  of 
RP  power  at  a  working  frequency  of  up  to  120  Me.  At  higher  frequencies, 
the  RP  power  drops,  owing  basically  to  an  increase  in  the  transit  angle 
in  the  gitLd-plate  space.  The  decisive  Influence  of  the  transit  time  in 
this  space  is  caused  by  the  fact  that  in  grounded-grid  circuits,  the 
output  tuned  circuit  is  connected  between  plate  and  grid,  and  an  Increase 
in  the  transit  angle  leads  to  an  increase  in  the  phase  shift  between 
the  tuned-clrcxilt  voltage  and  the  alternating  plate  current,  and,  conse¬ 
quently,  to  a  drop  in  the  RP  power  in  the  tuned  circuit,  irtilch  equals: 


where  ^f/  Is  the  angle  defining  the  phase  shift. 

A  drop  In  the  transit  time  resulting  from  moving  the  plate  and 
grid  closer  together  does  not  yield  positive  results,  since  In  this 
case,  the  grid-plate  capacitance  Increases,  which  decreases  the  reso¬ 
nance  Impedence  of  the  tuned  circuit  and,  consequently,  the  RP  power 
developed. 

12-8.  MICROWAVE  TANK  CIRCUITS. 

At  declmetrlc  and  centlmetrlc  wavelengths,  the  capacitances  and 
Inductances  of  the  conductors  connecting  a  tube  with  the  tank  circuit 
have  a  very  substantial  effect.  Thus,  a  characteristic  of  microwave 
electron-tube  design  Is  the  possibility  of  connecting  the  tube  electrodes 
directly  to  the  tank  circuit.  In  microwave  oscillators  and  amplifiers, 
the  electron  tube  Is  an  organic  part  of  the  tuned  circuit  and  Is  connect¬ 
ed  to  It  with  no  Intermediate  conductors. 

The  most  common  types  of  microwave  tank  circuits  are  short- 
circuited  two-conductor  lines  and  coaxial  lines.  The  simplest  tank 
circuit  Is  the  two-conductor  line,  which  takes  the  form  of  two  parallel 
wires  short  circuited  by  a  Jun^jer  (Plg.  12-14).  Ihe  Inductance  of  such 


Pig.  12-14.  Tank  circuit  formed 
of  two -conductor  line. 

a  line  Is  determined  by  the  Inductance  of  the  conductors,  and  the 
capacitance  by  the  capacitances  between  the  Individual  line  elements. 
Such  a  line  Is  a  circuit  with  distributed  constants.  Prom  the  theory 


of  electric  circuits  with  distributed  constants.  It  Is  known  that  a 
short-circuited  two -conductor  line  represents  a  capacitive  reactance 
with  respect  to  alternating  current  for  a  length  of  line  L  lying  between 
a  quarter  wavelength  and  a  half  wavelength,  and  an  Inductance  reactance 
where  the  line  Is  more  than  a  half  wavelength  but  less  than  three- 
quarters  of  a  wavelength.  With  a  line  length  equal  to  an  odd  rnunber  of 
quarter  wavelengths  (X/4,  3A/4, 5A/4,  etc.),  resonance  occurs,  and  the 
line  appears  as  a  high  resistance  to  alternating  current  of  the  appro¬ 
priate  frequency.  The  value  of  the  resonant  Impedance  of  such  a  line 
depends  upon  the  Inductance  of  the  conductors  themselves,  their  separa¬ 
tion,  and  the  resistance  of  the  conductors  per  unit  length. 

A  drawback  to  the  use  of  a  short-circuited  parallel -conductor  line 
as  a  tank  clrciilt  are  the  considerable  amounts  of  power  lost  In  It 
owing,  first,  to  the  large  resistance  of  the  conductors  and,  second, 
owing  to  the  radiation  of  power  Into  the  surrounding  space.  A  coaxial 
line  does  not  suffer  from  the  disadvantages;  it  takes  the  form  of  two 
coaxial  cylinders,  short-circuited  at  one  end.  A  coaxial  line  may  be 
represented  as  a  product  of  the  revolution  of  a  two-conductor  short- 
circuited  line,  as  shown  In  Pig.  12-15.  As  In  the  case  of  a  parallel 
line,  coeixlal-llne  resonance  occurs  with  a  line  length  equal  to  an 
odd  multiple  of  a  quarter  wavelength.  Since  at  very  high  frequencies 
an  electric  current  Is  propogated  along  the  surface  of  the  conductors. 

In  order  to  decreases  losses  owing  to  resistance.  It  Is  necessary  to 
Increase  the  conducting  surface.  Evidently,  the  surface  of  the  cylin¬ 
ders  In  a  coaxial  line  Is  considerably  larger  than  the  surface  of  the 
conductors  In  a  similar  parallel -conductor  line  and,  consequently, 
losses  owing  to  the  resistance  of  a  coaxial  line  are  considerably  lower 
than  the  losses  In  a  parallel -conductor  line.  There  are  almost  no 
losses  owing  to  radiation  of  power  from  a  coaxial  line,  since  the 


-  419  - 


electromagnetic  oBclllatlons  turn  out  to  be  confined  to  the  space  be¬ 
tween  the  cylinders  of  the  line. 

If  a  lumped  capacitance  Is  connected  to  a  two -conductor  line  or 


Pig.  12-15.  Transition  from 
two -conductor  line  to  coaxial 
structure. 


to  a  coaxial  line,  the  length  of  the  line  corresponding  to  resonance 
turns  out  to  be  less  than  a  quarter  wavelength.  The  larger  the  lumped 
capacitance,  the  shorter  the  length  of  the  line.  Thus,  coaxial  lines 
normally  have  sliding  shorting  discs,  which  are  moved  In  order  to  tune 
the  line  to  resonance. 

Still  higher  frequencies  may  be  obtained  In  the  cavity  resonator 
suggested  by  M.  S.  Neyman.  Let  us  examine  the  transition  from  an  ordinary 
tank  circuit  with  lumped  constants  to  a  hollow  (cavity)  resonator. 

Hie  natural  resonant  frequency  fQ  of  each  of  the  two  parallel -connected 
circuits  (Plg.  12-l6a)  depends  upon  the  value -of  the  Inductance  and 
capacitance  C^.  Decreasing  the  Inductance  by  reducing  the  number  of 
turns  In  the  coll,  and  decreasing  the  capacitance,  we  will  obtain  a 
circuit  with  minimum  values  of  Inductance  and  capacitance  and,  conse¬ 
quently,  with  the  maximum  resonant  frequency  (Plg.  12-l6c).  If  such  a 
"limiting"  tank  circuit  Is  rotated  about  Its  own  vertical  axis.  It  will 
form  a  closed  toroidal  surface,  as  shown  In  Plg.  12-17  (a  —  vertical 
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section;  b  —  horizontal  section).  When  specific  conditions  obtain  with¬ 
in  such  a  surface.  It  Is  possible  to  excite  electromagnetic  oscillations 


a)  ®a) 


Pig.  12-16.  Transition  from 
tank  circuit  with  lumped  constants 
to  cavity  resonator. 

^max"'  ^n^  °mln* 

and,  consequently,  the  cavity  resonator  may  play  the  role  of  a  tank 
circuit.  The  lines  of  force  of  the  electric  and  magnetic  fields  are 
contained  within  the  resonator,  since  the  metal  walls  shield  the 
cavity  from  the  space  outside.  Consequently,  the  cavity  resonator  has 
the  same  advantages  as  the  coaxial  line  -  absence  of  radiation  to  the 
surrounding  space,  and  a  large  surface  which  provides  a  low  line  re¬ 
sistance. 

Depending  upon  the  linear  dimensions  and  shape  of  resonators. 


Pig.  12-17.  Distribution  of  lines 
of  force  of  electrical  (a)  and 
magnetic  (b)  fields  In  a  cavity 
resonator. 


It  Is  possible  to  excite  within  them  oscillations  having  a  large 
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number  of  resonant  frequencies,  each  of  which  corresponds  to  a  specific 
configuration  of  the  electronuignetlc  field.  In  order  to  excite  un¬ 
damped  oscillations.  It  Is  necessary  to  supply  energy  to  the  resonator 
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Pig.  12-18.  Coupling 
loop  In  cavity  reso¬ 
nator. 

1)  Coupling  loop; 

2)  magnetic -field  lines. 


Pig.  12-19.  Capacitive 
coupling  to  cavity 
resonator. 

1)  Resonator  electric 
field;  2)  coupling 
probe;  3)  electric 
field  of  probe. 


from  an  external  source.  Energy  Is  transmitted  to  a  resonator  by  either 
magnetic  (inductive)  or  capacitive  coupling  with  the  source  of  oscilla¬ 
tory  energy.  Where  magnetic  coupling  Is  used,  a  coupling  loop  Is  Intro¬ 
duced  Into  the  resonator  cavity  (Plg.  12-18),  and  the  end  of  the  loop 
Is  connected  to  a  wall  of  the  resonator.  Por  the  tightest  coupling,  the 
loop  Is  so  arranged  that  Its  plane  will  be  normal  to  the  direction  of 
the  resonator  Internal  magnetic  field.  Capacitive  coupling  Is  carried 
out  by  Introducing  a  coupling  probe  Into  the  resonator  cavity  (Plg. 
12-19).  Coupling  loops  and  probes  may  be  utilized  to  remove  RP  energy 
from  resonators.  If  oscillations  are  excited  In  resonator  cavities  by 
some  other  method. 


12-9.  ELECTRON  TUBES  POR  EECIMETRIC  AND  CENTIMETRIC  WAVELENGTHS. 

Electron-tube  design  for  the  declmetrlc  and  centlmetrlc  bands  pro¬ 
vides  for  the  possibility  of  connecting  the  tube  electrodes  directly  to 
the  cylinders  of  a  coaxial  line  or  with  cavity  resonators. 

One  of  the  common  types  of  microwave  trlodes  Is  the  lighthouse - 
tube  trlode  (Plg.  12-20),  which  has  flat  electrodes  with  disc  seals. 
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The  plate  of  the  tube  Is  made  In  the  form  of  a  cylindrical  rod  whose 
lower  end,  facing  the  cathode,  serves  as  the  working  surface.  To  the 


Pig.  12-20.  Lighthouse  trlode. 
l)  Plate;  2)  grid;  3)  cathode; 

4)  heater. 

upper  section  of  the  plate  rod,  which  comes  out  above  the  disc  seal, 
a  cylinder  Is  connected;  It  forms  the  Inner  cylinder  of  a  coaxial  line. 
The  grid  Is  made  of  woven  molybdenum  mesh,  soldered  to  a  ring  which  Is 
In  turn  soldered  to  the  grid  contact  disc.  The  Indirectly  heated  tube 
cathode  takes  the  form  of  a  cylinder  closed  at  one  end,  with  the  closed 
end  oxide -coated.  The  cathode  cylinder  Is  welded  to  a  disc  which  Is  in¬ 
sulated  from  the  metal  shell  of  the  tube  by  a  mica  disc.  There  Is  a 
considerable  capacitance  between  the  cathode  disc  and  the  shell  (on 
the  order  of  100>ux<f),  and  as  a  result,  the  shell  serves  as  the  RP  con¬ 
tact  of  the  cathode.  In  order  to  apply  a  direct  voltage  to  the  cathode. 
It  Is  necessary  to  use  leads  that  pass  through  a  glass  stem  and  that 
are  connected  with  pins  In  the  base.  The  heater  is  also  let  out  throvigh 
the  stem;  a  double -helical -type  heater  Is  used. 

The  small  separation  between  grid  and  cathode  (on  the  order  of 
0.1  mm)  makes  It  necessary  to  utilize  a  rather  fine  grid,  which  guards, 
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first,  against  the  appearance  of  an  "island"  effect  and,  second,  pro¬ 
vides  a  small  transfer  capacitance.  Thus,  lighthouse  trlodes  have,  as 
a  rule,  a  rather  high  amplification  factor,  on  the  order  of  40-60. 


Pig.  12-21.  Metal -ceramic  trans¬ 
mitting  trlode. 

l)  Cathode;  2)  grid;  3)  plate. 

Lighthouse  trlodes  are  designed  to  operate  In  the  declmetrlc,  and  upper 
end  of  the  centlmetrlc  (to  8  cm)  bands. 

Considerably  more  power  may  be  delivered  by  metal -ceramic  micro- 
wave  transmitting  trlodes  (Pig.  12-21).  Tlie  envelope  of  such  tubes 
consists  of  metal  cylinders  and  a  vacuum  ceramic.  The  tube  electrodes 
are  spherical  In  shape;  the  cathode  has  a  convex  working  surface, 
while  the  plate  has  a  concave  working  surface.  In  contrast  to  the  plane 
electrodes  utilized  In  lighthouse  tubes,  these  electrode  shapes  have 
high  stability  under  thermal  deformation,  which  makes  It  possible  to 
Increase  the  operating  teii?)e natures  of  the  electrodes  In  service. 

The  cathode  and  grid  contacts  are  formed  by  external  metal  cylin¬ 
ders  that  are  In  contact  with  the  cylinders  of  the  external  coaxial 
line;  they  are  separated  from  each  other  by  a  ceramic  element.  The 
plate  rod  Is  sealed  Into  the  upper  ceramic  disc  and  has  a  screw  by 
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which  the  air-cooling  radiator  Is  mounted.  The  Indirectly-heated  oxide 
coated  cathode  is  mounted  with  the  aid  of  clamps  to  a  orln5)ed  nickel 


back  for  a  metal -ceramic  trlode 
designed  to  operate  as  a  self- 
excited  oscillator, 
l)  Cathode:  2)  feedback  pins; 

3)  plate;  4)  grid. 

cylinder  the  lower  end  of  which  Is  welded  to  the  cathode -lead  cylinder. 
The  upper  Internal  section  of  the  cathode  cylinder  Is  Joined  to  a 
ceramic  disc.  Inside  of  which  Is  sealed  a  metal  tip  which  at  the  same 
time  forms  a  lead  of  one  of  the  heater  rings.  The  second  heater  ring 
Is  connected  to  the  cathode.  This  cathode-unit  design  permits  a  precise 
establishment  of  the  grid-cathode  spacing  In  the  evacuated  tube  by 


Pig.  12-23.  Oscillator  using 

metal -ceramic  tube. 

l)  Air;  2)  radiator;  3)  tube; 

4)  plate  cylinder;  5)  grid 
cylinder;  6)  cathode  cylinder; 
7^  cathode -grid-loop  plunger; 

8)  choke;  9)  plunger  Insulator; 
10 )  plate -grid-loop  plunger. 


placing  the  crimped  cathode  cylinder  under  tension  or  con^jresslon. 

This  adjustment  Is  made  on  the  basis  of  a  measurement  of  the  grid- 
cathode  capacitance. 

A  grid  In  the  form  of  a  wire  mesh  Is  soldered  to  a  nickel  spher¬ 
ical  ring  that  Is  welded  to  an  outside  cylinder  that  forms  the  grid 
contact. 

Owing  to  the  possibility  of  forced-air  cooling  of  the  plate,  and 
the  high  heat -re si stance  of  the  metal -ceramic  envelope  and  Interior 
tube  elements,  tubes  of  this  design  may  deliver  considerable  RP  power 
(up  to  100  watts  or  more)  In  the  declmetrlc  range.  The  lower  wavelength 
limit  Is  about  6  cm. 

As  In  the  case  of  lighthouse  tubes.  In  metal -ceramic  tubes  the 
surface  conductance  of  the  high-frequency  leads  Is  of  great  Ingjortance. 
In  order  to  Increase  this  conductance,  the  metal  surfaces  of  the  tube 
are  sllver-ijlated. 

Proper  operation  of  cathodes  Is  of  great  Importance  In  microwave - 
tube  service.  For  large  electron  transit  times  (relative  to  the  period 
of  the  alternating  voltage  on  the  grid)  In  the  grid-cathode  space, 
some  of  the  electrons  leaving  the  cathode  during  the  positive  half¬ 
cycle  of  voltage  on  the  grid  do  not  succeed  In  passing  the  grid  and 
are  returned  to  the  cathode  during  the  negative  half  cycle.  As  a  result, 
electronic  bombardment  of  the  cathode  occurs,  leading  to  overheating. 
When  a  tube  Is  operated  under  steady -state  conditions,  a  considerable 
amount  of  power  Is  developed  at  the  cathode;  Its  magnitude  depends 
upon  the  mean  value  of  cathode  current  and  upon  the  working  frequency. 
This  power  turns  out  to  be  so  large  that  It  Is  necessary  to  drop  the 
cathode  heating  voltage  In  order  to  maintain  stable  temperature  con¬ 
ditions  at  the  cathode.  In  some  cases.  It  turns  out  to  be  possible  to 
disconnect  the  heater  voltage  altogether  after  the  tube  has  established 
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Its  operating  regime.  The  type  of  tubes  described  are  used  In  mlci»o- 
wave  oscillator  circuits  as  both  Independently  excited  and  self -excited 
oscillators.  With  self-excited  oscillators.  It  Is  necessary  to  obtain 
feedback  from  the  tube  output  circuit  to  the  Input  circuit.  This  feed¬ 
back  may  be  obtained  either  with  the  aid  of  the  coupling  loop  between 
circuits  of  the  oscillator  Itself,  or  through  the  tube  transfer  capaci¬ 
tance.  When  trlodes  are  operated  In  grounded-grld  circuits,  the  plate- 
cathode  capacitance,  which  Is  very  low  In  metal -ceramic  tubes,  may- 
serve  as  the  transfer  capacitance.  Thus,  In  several  metal -ceramic 
tubes  specially  designed  to  operate  as  self -excited  oscillators,  an 
artificial  Increase  In  transfer  capacitance  Is  effected  by  means  of  In¬ 
ternal  coupling  pins  connected  to  the  cathode  and  passing  through  spe¬ 
cial  holes  In  the  grid  ring  Into  the  space  near  the  plate  (Plg.  12-22). 

An  oscillator  circuit  using  a  metal -ceramic  tube  Is  shown  In 
Pig.  12-23.  The  RP  leads  of  the  plate,  gi’ld  and  cathode  are  connected 
to  three  coaxial  cylinders.  The  Inside  surface  of  the  plate  cylinder 
and  the  outside  surface  of  the  grid  cylinder,  shorted  by  a  plunger, 
fom  the  output  plate -grid  circuit,  while  the  Inside  surface  of  the 
grid  cylinder  and  the  outside  surface  of  the  cathode  cylinder,  also 
short-circuited  by  a  sliding  plunger,  form  the  Input  grid-cathode 
circuit.  A  coupling  loop  Is  used  for  feedback  between  the  output  and 
Input  circuits;  It  passes  throtigh  a  window  In  the  grid  cylinder.  The 
oscillator  Is  tuned  by  moving  the  plungers,  which  are  fastened  to 
special  rods.  The  plungers  consist  of  two  parts  separated  by  thin  In¬ 
sulators,  which  are  necessary  to  Isolate  the  DC  power-supply  circuits. 
Since  the  capacitance  between  the  Insulated  sections  of  the  plungers 
Is  quite  large.  It  presents  no  substantial  resistance  to  microwave 
currents.  In  such  cases,  the  Isolating  Insulators  are  Installed  not 
In  the  plungers,  but  where  the  cylinders  are  connected  to  the  tube 
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contacts  (capacitive  contact).  In  the  case  of  the  heater  supply,  RF 
chokes  are  Inserted;  they  guard  against  a  loss  of  RP  power  owing  to 


Pig.  12-24.  Mode  with  pin  seals, 
l)  Cathode  lead;  2)  cathode; 

3;  plate;  4)  support;  5)  plate 
lead;  6)  getter;  j)  insulators; 

8)  heater  leads. 

microwave  currents  Induced  in  the  heater.  Oscillator  circuits  using 
lighthouse  tubes  are  designed  In  similar  fashion. 

Modes  are  used  for  detecting  modulated  microwave  signals;  these 
diodes  must  meet  the  same  structural  requirements  as  do  microwave  trl- 
odes.  One  possible  design  for  such  a  diode  Is  of  the  lighthouse -tube 
type,  while  another  takes  the  form  of  a  glass  diode  with  a  button  stem 
and  a  pin  plate  lead  led  out  through  the  top  of  the  envelope  (Plg.  12-24). 
In  both  tube  designs,  where  the  working  electrode  surfaces  are  plane, 
the  plate -cathode  capacitance  depends.  In  practice,  solely  upon  the 
magnitude  of  the  working  surfaces  of  the  electrodes,  and  their  separa¬ 
tion,  and  have  values  on  the  order  of  0. 2-0.  3^/<.f  •  The  small  cathode- 
plate  spacing  provides  a  congjaratlvely  short  electron  transit  time.  Por 
this  reason,  such  diodes  may  be  used  to  detect  signals  at  wavelengths 


Chapter  Thirteen 


KLYSTRONS,  MAGNETRONS,  AND  TRAVELING-WAVE 
AND  BACKWARD-WAVE  TUBES 

13-1.-  THE  PRINCIPLE  OP  ELECTRODYNAMIC  CONTROL  OP  AN  ELECTRON  BEAM. 

THE  KLYSTRON. 

In  1932,  Professor  D.  A.  Rozhanskly  proposed.  In  principle,  a  new 
method  for  the  excitation  of  high-frequency  oscillations,  which  made 
possible  the  subsequent  design  of  the  electron  tubes  that  have  come 
to  be  called  klystrons.  The  distinctive  feature  of  this  method  Is  the 
acceleration  of  electrons  by  a  constant  electric  field,  accompanied  by 
the  action  of  a  changing  high-frequency  field,  which  divides  the  uni¬ 
form  electron  stream  Into  separate  groups  (bunches)  of  electrons. 

Let  us  examine  the  principle  by  which  the  uniform  stream  of  elec¬ 
trons  Is  changed  Into  a  beam  of  varying  density. 

Electrons  escaping  from  the  hot  cathode  k  and  focused  Into  a 
narrow  beam  are  accelerated  by  a  high  positive  potential  on  anode  a^, 
and  pass  through  two  grids  c^  and  Cg  located  on  their  paths,  at  high  ve 
loci  ties  Vq  (Pig.  13-1).  In  the  absence  of  a  potential  difference  be- 


Plg.  I3-I.  Changing  field  of  grids 
groups  a  uniform  stream  of  electrons. 

tween  the  grids,  the  electrons  without  losing  velocity,  strike  the 
second  anode  ag.  In  this  case,  the  electrons  move  from  the  cathode  to 
anode  ag  In  a  uniform  stream,  and  direct  current  flows  in  the  external 
circuit.  If  we  now  apply  a  changing  RP  voltage  to  the  grids  and,  thus, 
set  up  a  longitudinal  high-frequency  field  In  the  space  between  the 
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grids,  during  the  positive  half -cycle,  the  electrons  will  be  accelerat¬ 
ed  by  the  electrical  field  of  the  grids,  while  during  the  negative  half¬ 
cycle,  they  will  be  delayed.  As  a  result,  the  electrons,  approaching 
the  grids  at  uniform  velocities,  leave  the  grid  region  with  velocities 
varying  from  Vq  -  £^v  to  Vq  +  Av.  When  the  potential  difference  between 
the  grids  passes  through  zero  values,  the  velocity  Vq  of  the  electrons 
will  not  be  changed.  After  leaving  the  grid  region,  the  electrons  that 
have  a  velocity  Vq  approach  the  electrons  that  have  previously  passed 
through  the  grids  at  a  velocity  below  Vq  (to  v^  -^v).  In  turn,  accel¬ 
erated  electrons  having  a  velocity  higher  than  Vq  (to  Vq  +^v),  over¬ 
take  the  electrons  that  are  moving  at  a  velocity  Vq.  At  a  certain  dis¬ 
tance  from  the  grids,  the  electrons  that  pass  through  the  grid  region 
with  a  time  corresponding  to  the  ml nlmum-to -maximum  region  of  a  cycle 
will  fonn  a  "bunch"  of  electrons,  with  a  high  density.  Electrons  that 
have  passed  through  the  grid  region  over  a  portion  of  the  cycle  corres¬ 
ponding  to  a  change  In  voltage  from  maximum  to  minimum  leave  the  grids 
with  gradually  diminishing  velocities  and  scatter,  resulting  In  a  de¬ 
crease  In  the  density  of  the  electron  beam.  If  the  plate  Sg  Is  located 
at  the  point  where  the  densest  groups  of  electrons  form,  these  groups, 
striking  the  anode,  will  set  up  a  pulsating  current  In  the  anode  cir¬ 
cuit.  Since  the  groups  of  electrons  arrive  at  the  anode  Sg  with  a  fre¬ 
quency  equal  to  the  frequency  of  the  alternating  voltage  on  the  grids, 
the  current  In  the  plate  circuit  should  pulsate  with  the  same  frequency. 
If  we  Introduce  a  tuned  circuit  (Plg.  13-2)  Into  the  clrciilt  of  the 
anode  ag,  and  tune  It  to  the  frequency  of  the  current  pulsation,  there 
will  occur  undamped  oscillations  at  the  same  frequency.  Such  a  device 
will  operate  as  either  an  amplifier  or  an  oscillator  of  the  self- 
excited  type.  If  a  portion  of  the  RP  energy  of  the  tuned  circuit  Is 
fed  back  to  the  grids  with  appropriate  phase.  It  Is  possible,  using 
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this  method,  to  set  up  a  self -excited  oscillator  circuit. 

The  method  of  converting  a  stream  of  electrons  at  constant  density 
Into  a  stream  with  a  continuously  varying  density  Is  widely  utilized 
In  the  electronic  devices  that  are  called  klystrons. 


Pig.  13-2.  Basic  circuit  of 
klystron. 


Klystrons  are  chiefly  utilized  for  service  In  the  centlmetrlc 
and  mllllmetrlc  bands.  Thus,  the  tuned  circuits  used  with  them  are 
cavity  resonators,  most  frequently  of  toroidal  shape,  and  located  at 
the  point  where  the  electrons  gather  Into  the  densest  groups,  l.e., 
at  the  location  of  anode  ag.  As  they  pass  between  the  cavity  grids, 
the  bunches  of  electrons  Induce  alternating  electrical  charges  on  them; 
as  they  flow  along  the  Interior  walls  of  the  resonator  from  the  first 
grid  to  the  second  and  back,  they  form  an  alternating  electric  current 
of  high  frequency.  As  a  result,  an  RP  electromagnetic  field  forms  In 
the  resonator  cavity;  the  energy  of  this  field  Is  coupled  out  to  the 
point  at  which  It  Is  to  be  used  by  means  of  a  coupling  loop.  Losses  of 
RP  energy  In  the  resonator  are  con^jensated  through  the  transmission  of 
kinetic  energy  by  the  bunches  of  electrons  to  the  electric  field  of  the 
resonator  through  the  charges  Induced  In  the  resonator.  Electrons  that 
have  given  up  a  considerable  portion  of  their  kinetic  energy  for  the 
excitation  eind  maintenance  of  oscillations  In  the  resonator  leave  the 
resonator  at  low  velocities,  and  fall  onto  a  collector  which  Is  at  a 
positive  potential  with  respect  to  the  cathode.  In  the  last  analysis. 
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the  energy  obtained  by  the  electrons  from  the  constant  electric  field 
set  up  by  the  voltage  source  la  given  up  by  the  electrons  to  the  high- 
frequency  field  of  the  output  tank  circuit;  In  other  words,  what  occurs 

+ 


Pig.  13 “3*  Basic  circuit  of 
double-cavity  klystron.  1)  k-j^. 

Is  a  conversion  of  DC  energy  Into  the  energy  of  high-frequency  elec¬ 
trical  oscillations. 

Ihus,  the  basic  distinction  between  klystrons  and  tubes  with 
electrostatic  control  lies  In  the  fact  that  the  beam  of  electrons  Is 
controlled  not  by  regulating  the  velocity  of  the  electrons  In  the 
cathode-grid  apace  as  In,  for  example,  a  trlode,  but  by:  a)  accelera¬ 
tion  of  the  electrons  by  a  constant  electrical  field  In  the  space  be¬ 
tween  the  cathode  and  anode  a^^;  b)  changing  the  velocity  of  the  elec- 
trens  In  the  space  between  the  grids;  c)  grouping  the  electrons  In  the 
space  between  grid  Cg  and  the  resonator  (the  bunching  space).  Ihe  ad¬ 
vantage  of  this  method  of  control  lies  In  the  fact  that  direct  control 
of  the  electron  beam  Is  performed  following  acceleration  of  the  elec¬ 
trons  by  the  constant  electric  field  In  a  space  where  no  high-frequency 
field  Is  acting.  Thus,  the  electrons  traverse  the  distance  between  the 
grids  In  a  klystron  with  exceptionally  high  velocities  and,  consequently. 
In  a  very  short  time,  which  permits  a  considerable  Increase  In  the  upper 
working -frequency  limit. 

In  order  to  decrease  the  electron  transit  time,  and  to  obtain  as 
high  an  oscillation  frequency  as  possible,  the  spacing  between  the  grids 


of  the  resonator  Is  made  extremely  small,  and  the  electrons  obtain  high 
velocities  (on  the  order  of  5*10^  cm/sec)  before  entering  Into  the  space 
between  the  grids.  The  very  small  spacing  between  the  grids,  however. 
Increases  circuit  capacitance. 

This  principle  Is  the  basis  for  the  so-called  two-cavlty  (transit) 
klystron  that  uses  two  resonators  (Plg.  13-3)  t  a-i  Input  resonator  p^ 
and  an  output  resonator  pg.  The  electrons  of  a  bundle  are  accelerated 
by  anode  a^  and  strike  the  opening  In  the  input  resonator  p^^;  a  chang¬ 
ing  high-frequency  potential  difference  Is  applied  between  the  grids 
of  this  resonator  from  an  external  oscillator  by  means  of  a  coupling 
loop  Introduced  Into  the  resonator  cavity.  The  high-frequency  field, 
acting  between  the  grids  of  the  Input  resonator,  converts  the  uniform 
electron  beam  Into  a  beam  of  electrons  of  varying  density;  almost  no 
energy  Is  consumed  In  this  conversion  process,  since  In  a  single  cycle 
the  number  of  retarded  electrons  that  yield  kinetic  energy  to  the  field 
equals  the  ntaaber  of  accelerated  electrons  that  gain  Just  as  much 
energy  from  the  field.  Leaving  resonator  p^,  the  electrons  move  toward 
the  output  resonator  Pg.  As  they  approach  resonator  Pg,  dense  groups 
of  electrons  are  formed,  which  then  pass  through  the  grids  of  this  reso¬ 
nator  at  a  rate  of  1  per  cycle,  l.e.,  at  the  frequency  with  which  the 
field  between  the  resonator  p^  grids  changes. 

Moving  In  the  space  between  the  grids  of  resonator  Pg,  the  groups 
of  electrons  e^end  a  considerable  portion  of  their  kinetic  energy  In 
exciting  oscillations  In  the  resonator;  If  the  electron  groups  are 
short  In  length  and  traverse  the  space  between  the  gi»lds  when  the  re¬ 
tarding  field  Is  at  a  maximum,  l.e.,  at  the  peak  value  of  the  alternat¬ 
ing  voltage  between  the  grids,  they  yield  the  maximum  amount  of  energy 
to  the  resonator;  If  the  groups  are  longer,  and  do  not  pass  through  the 
space  between  the  grids  when  the  field  Is  at  a  maximum,  many  electrons 
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yield  a  small  amount  of  energy  to  the  resonator,  since  they  move  In 
a  retarding  field  at  lower  field  strength.  When  they  pass  through  the 
space  between  the  grids  during  an  accelerating  half  cycle,  groups  of 
electrons  carry  energy  away  from  the  resonator  field;  as  a  result, 
such  groups  of  electrons  facilitate  dancing  of  the  oscillations  In  the 
resonator.  Thus,  the  transit  time  for  groups  of  electrons  in  the  space 
between  grids  of  resonator  Pg  is  so  chosen  that  the  majority  of  elec¬ 
trons  pass  through  the  grids  at  retarding -field  values  close  to  the 
peak  value. 

The  kinetic  energy  taken  up  by  resonator  Pg  from  the  groups  of 
electrons  is  converted  into  oscillatory  energy  of  the  electromagnetic 
field  within  the  resonator,  and  then,  by  way  of  the  coupling  loop  in¬ 
troduced  into  the  resonator  cavity,  is  applied  to  the  next  stage. 

The  electrons  that  have  given  up  a  portion  of  their  kinetic  energy 
to  the  output  resonator  and  have  thus  suffered  a  decrease  in  velocity 
strike  the  collector  k^. 

Since  there  is  no  external  field  in  the  space  between  the  input 
and  output  resonators,  and  in  many  klystrons  the  outer  surfaces  of 
their  resonators  lie  at  different  constant  potentials,  for  convenience, 
both  resonators  are  Interconnected  or  combined  into  a  single  structure, 
while  maintaining  the  distance  between  the  output  grid  of  the  input 
resonator  and  the  input  grid  of  the  output  resonator  that  is  required 
for  electron  bunching.  In  certain  designs,  the  anode  a^j^  serves  as  the 
input  resonator  to  which  a  high  positive  potential  is  applied. 

In  the  two -cavity  klystron,  oscillations  may  be  excited  by  accurate 
ly  tuning  the  input  and  output  resonators  to  the  given  frequency,  which 
is  very  difficult  to  do,  since  both  resonators  have  sharp  resonance 
curves.  Both  resonators  are  tuned  to  the  given  frequency,  as  a  rule, 
by  changing  their  volumes  or  the  separations  between  grids  with  the 


aid  of  special  devices. 

Two -cavity  klystrons  are  utilized  advantageously  as  voltage  ampli¬ 
fiers  or  RP  oscillators  In  the  centlmetrlc  range.  The  power  gains  of 
such  klystrons  do  not  exceed  20.  For  Increased  gain,  several  klystrons 


Fig.  13-4.  Feedback  with  the 
aid  of  a  coaxial  line. 

are  connected  In  series,  or  raultlcavlty  klystrons  are  used. 

In  a  klystron  oscillator,  weak  feedback  Is  Introduced  between  the 
resonators  with  the  aid  of  coupling  pins  or  loops,  connected  by  coaxial 
lines  (Fig.  13-4),  or  directly  by  means  of  a  special  aperture  In  the 
wall  that  separates  the  Input  resonator  from  the  output  resonator. 

With  very  heavy  feedback,  the  ang)lltude  of  the  voltage  between  the  grids 
of  the  Input  resonator  Is  so  great  that  strongly  accelerated  and  strong¬ 
ly  retarded  groups  of  electrons  are  foimed,  resulting  In  "electron 
clusters"  that  form  a  very  short  time  after  leaving  the  Input  resonator. 
In  direct  proximity  to  It.  Then,  as  they  approach  the  output  resonator, 
these  clusters  become  ever  more  dispersed.  As  a  result,  the  efficiency 
of  the  klystron  drops,  or  the  klystron  totally  ceases  to  oscillate. 

The  maximum  klystron  efficiency  attainable  In  practice  Is  about 
20  per  cent,  althovigh  theoretically.  It  may  be  about  58  per  cent.  This 
discrepancy  Is  explained  by  the  fact  that  from  50  to  75  per  cent  of  the 
electrons  of  a  bundle  are  scattered,  and,  falling  on  the  walls  of  the 
klystron,  give  up  their  kinetic  energy  as  heat  and  thus  perform  no  use- 
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ful  work.  In  addition,  electron  clusters  tend  to  disperse  owing  to 
their  mutual  repulsion,  which  also  decreases  efficiency. 

Oxide -coated  cathodes  are  utilized  In  klystrons,  and  their  emission 
current  (depending  upon  the  type  of  klystron)  amounts  to  80  to  500  ma 
or  more.  The  accelerating  voltages  acting  between  the  cathode  and  Input 
resonator  are  different  for  different  types  of  klystrons :  In  low-power  k 
klystrons  It  varies  from  1000  to  1200  v.  In  medium-power  klystrons.  It 
Is  on  the  order  of  3  kv,  and  In  hlgh-power  pulsed  klystrons.  It  Is 
from  10  to  13  kv.  Here,  the  useful  power  In  continuous  operation 
reaches  hundreds  of  watts,  and  In  pulsed  operation.  It  ranges  from 
several  tens  of  kilowatts  to  tens  (and  somewhat  more)  of  megawatts. 

A  drawback  to  the  two-cavlty  klystron  as  an  ang?llfler  Is  the  high 
Internal  noise  level  resutlng  from  the  effect  of  fluctuations  In  the 
electron  beam.  This  causes  "noise"  voltages  at  the  Input  resonator 
which  are  superimposed  upon  the  signal  voltage,  and  are  an5)llfled  to¬ 
gether  with  the  signal  by  the  output  resonator. 

In  the  two-cavlty  klystron  oscillator,  oscillations  may  be  excited 
only  where  there  are  tuned  circuits  and  where  the  supply  voltages  are 
properly  chosen.  In  practice,  however.  It  Is  quite  difficult  to  tune 
circuits  to  resonance  and  to  choose  the  necessary  supply  voltaiges.  In 
addition,  detuning  of  a  klystron  oscillator  frequently  occurs  In  opera¬ 
tion  owing  to  changes  In  supply  voltages,  which  causes  changes  In  the 
velocity.  In  the  repetition  rate  for  electron  bunches,  and  In  the  point 
of  bunching,  and  these  effects  can  also  occur  as  a  result  of  changes  In 
the  geometric  dimensions  of  the  resonators  caused  by  their  heating. 

This  occurs  especially  vigorously  In  hlgh-power  klystrons.  In  which  the 
dimensions  of  the  .resonators  and  the  separation  between  their  gitLds 
change  noticeably  owing  to  heating  during  operation,  leading  to  corres¬ 
ponding  changes  In  frequency  of  oscillations.  As  a  result,  the  oscllla- 
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tlons  excited  In  a  klystron  become  unstable. 

Some  of  these  drawbacks  to  the  two -cavity  klystron  are  removed  In 
the  considerably  more  common  reflex  klystron.  In  which  there  Is  a  single 
resonator  In  place  of  the  two  resonators,  which  eliminates  the  need  for 
tuning  of  tank  circuits,  since  the  function  of  the  Input  and  output 
resonators  Is  combined  Into  a  single  resonator,  and  tuning  Is  accom¬ 
plished  solely  by  the  choice  of  supply  voltages. 

13-2.  THE  REFLEX  KLYSTRON. 

The  reflex  or  single-cavity  klystron,  suggested  In  1940  by  the 
Soviet  engineer  V.  P.  Kovalenko,  consists  of  a  hot  cathode  K,  a  control 


H 


Pig*  13“5*  Schematic  diagram  of 
a  reflex  klystron. 

electrode  M,  an  anode  A^,  a  cavity  resonator  P,  and  a  repeller  R  (Plg. 
13-5).  The  electrons  leaving  the  cathode  are  focused  with  the  aid  of 
the  control  electrode  M  and  focused  Into  a  quite -narrow  beam  and  ac¬ 
celerated  by  the  action  of  the  high  positive  potential  on  anode  A^. 

The  control  electrode  M,  to  which  a  small  positive  or  negative  potential 
Is  applied,  also  serves  to  regulate  the  magnitude  of  the  c\irrent  In  the 
electron  beam  thro\igh  changes  In  potential.  The  shape  of  the  cathode  Is 
so  chosen  that  when  the  electrons  produced  by  It  are  focused,  the  cross- 
section  of  the  beam  of  electrons  obtained  Is  circular. 


The  beam  electrons,  accelerated  by  the  high  anode  potential,  enter 
the  space  between  the  resonator  grids  at  high  Initial  velocities  Vq,  are 
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separated  by  the  resonator  field  into  separate  bunches  which  move  at 
different  velocities  toward  the  electrode  R,  which  Is  negative  with 
respect  to  the  cathode^  and  located  a  distance  i.  from  the  resonator. 

The  bunches  of  electrons  leaving  the  resonator  enter  a  strong  retard- 
Ing  field  and,  without  reaching  the  electrode  R  totally  lose  their 
velocity.  In  this  case,  electron  bunches  possessing  higher  velocities 
penetrate  deeper  Into  the  retarding  field  and,  consequently,  come 
closer  to  electrode  R  than  do  electron  bunches  having  lower  velocities. 
After  losing  their  velocities,  the  electron  bunches  begin  to  travel  In 
the  opposite  direction,  l.e.,  back  toward  the  resonator,  since  In  this 
direction,  the  electric  field  Is  accelerating  for  them.  Thus,  as  It 
were,  the  electron  bunches  are  reflected  from  the  electrode  R  and  are 
not  Incident  upon  It.  Thus,  electrode  R  Is  frequently  called  the  repel- 
ler.  In  order  to  Increase  the  focusing  action  of  the  repeller.  It  Is 
made  concave  with  respect  to  the  resonator. 

Bunching  of  electrons  takes  place  along  the  path  from  the  reso¬ 
nator  to  the  repeller  and  back  toward  the  resonator  (as  In  the  two- 
cavlty  klystron).  At  a  given  distance  1  between  the  resonator  and  the 
repeller.  It  Is  possible  to  select  an  accelerating  voltage  for  anode  A^ 
and  a  retarding  voltage  for  repeller  R  such  that  electron  bunching  will 
occur  at  the  Input  to  the  resonator  at  the  Instant  of  time  that  corres¬ 
ponds  to  the  maximum  retarding  field  between  the  resonator  grids.  At 
these  Instants,  bunches  of  electrons  will  yield  a  considerable  portion 
of  their  kinetic  energy  to  the  high-frequency  field  of  the  resonator. 

Spent  electrons  are  Intercepted  by  the  first  resonator  grid  from 
the  cathode  or  by  anode  A^. 

Ihus,  In  the  reflex  klystron,  the  same  resonator  functions  as  the 
Input  resonator  p^  and  the  output  resonator  Pg  of  the  two -cavity 
klystron  and,  consequently,  there  Is  no  need  for  tuning  circuits  Into 
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resonance. 


In  contrast  to  the  two -cavity  klystron.  In  which  electron 
bunching  takes  place  In  the  space  between  the  Input  and  output  reso¬ 
nators  In  the  absence  of  an  electric  field.  In  the  reflex  klystron, 
electron  bunching  takes  place  In  the  space  between  the  resonator  and 
the  repeller.  In  which  a  strong  electric  field  acts. 

In  practice.  It  proves  convenient  and  advantageous  to  excite  one 
type  of  oscillation  or  another  In  a  klystron  by  changing  the  repeller 
voltage  Uj^,  without  changing  the  accelerating  voltage  U^.  This  method 
of  controlling  a  klystron,  also  called  electronic  tuning.  Is  extremely 
responsive,  and  Involves  no  power  losses,  since  the  repeller  consumes 
almost  no  power. 

Some  versions  of  reflex  and  two -cavity  klystrons  do  not  use  the 
anode  A^.  In  such  designs,  the  accelerating  voltage  TJ^  Is  applied 
directly  to  the  resonator  P. 

In  the  reflex  klystron,  oscillations  are  not  excited  for  any 
values  of  beam  current,  but  only  for  those  values  that  exceed  a  certain 
minimum,  frequently  called  the  starting  current.  If  the  current  In  the 
beam  Is  lower  than  the  starting  current,  oscillations  will  not  be  ex¬ 
cited  In  the  klystron,  since  the  beam  energy  Is  Insufficient  to  excite 
and  maintain  oscillations. 

Reflex  klystrons  are  widely  used  In  low-^)ower  oscillator  tubes  for 
the  centlmetrlc  band  In  superheterodyne  receivers,  for  radio  relay 
lines,  and  under  laboratory  conditions,  for  developing  and  adjusting 
centlmetrlc -band  equipment. 

Construction  and  tuning  of  reflex  klystrons  are  sln5)le.  The  fre¬ 
quency  of  oscillations  generated  Is  maintained  constant,  as  a  rule, 
by  applying  to  the  anode  (or  resonator)  and  repeller  heavily  regulated 
voltages.  For  this  purpose,  a  common  source  Is  used  to  s\q)ply  voltage 
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to  the  circuits  of  the  anode  and  repeller  R. 

13-3.  MOTION  OP  ELECTRONS  IN  INTERSECTING  ELECTRICAL  AND  MAGNETIC 
FIELDS. 

The  principle  of  controlling  a  beam  of  electrons  with  the  aid  of 
electrical  and  magnetic  fields  Is  utilized  In  electronic  devices  that 
are  called  magnetrons.  The  simplest  magnetron  Is  a  two-electrode  tube 
with  a  filament -type  cathode  located  on  the  axis  of  a  cylindrical 
anode.  The  essential  difference  distinguishing  the  very  simple  magnetron 
from  a  common  diode  Is  the  fact  that  the  Interelectrode  space  of  the 
magnetron  lies  In  a  constant  magnetic  field  whose  lines  of  force  are 
directed  parallel  to  the  cathode  and  anode  and,  consequently,  perpen¬ 
dicular  to  the  electric  field-strength  vector  of  the  anode.  For  this 
reason,  electrons  given  off  by  the  hot  cathode  simultaneously  experience 
effects  from  the  electric  and  magnetic  fields.  Under  the  action  of  the 
electric  field  of  the  anode,  the  electrons  atten^jt  to  move  toward  the 
anode  In  radial  directions  perpendicular  to  the  magnetic  field,  while 
under  the  action  of  the  magnetic  field,  their  rectilinear  motion  Is 
turned  Into  curvilinear  motion. 

Let  us  consider  the  path  of  motion  of  electrons  In  the  space  be¬ 
tween  the  cathode  and  anode  of  a  very  simple  magnetron  In  the  presence 
of  different  values  of  magnetic  field  strength  H  and  constant  plate 
voltage  U  . 

oL 

Let  electrons  leave  the  magnetron  cathode  at  zero  Initial 
velocity  (vq  =  O).  If  In  the  space  between  the  cathode  and  anode,  the 
electric  field  Is  not  distorted  by  the  space  charge,  and  there  Is  no 
magnetic  field,  the  electrons  will  move,  under  the  action  of  the  ac¬ 
celerating  electric  field  of  the  anode,  along  radial  paths,  and  they 
will  all  be  Incident  upon  the  anode.  As  a  result,  there  will  be  a  maxi¬ 
mum  anode  current  I„  In  the  external  circuit  of  a  magnetron,  whose 
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value  is  limited  by  the  emission  power  of  the  cathode  (Plg.  13-6a). 

If  In  the  space  between  the  cathode  and  the  anode  there  Is  a  relative¬ 
ly  weak  magnetic  field  directed  parallel  to  the  cathode,  the  electron 
paths  will  curve,  while  the  anode  current  will  retain  Its  Initial 
value,  since  In  this  case  all  the  electrons  will  be  Incident  upon  the 
anode  (Plg.  13-6b).  An  Increase  In  the  magnetic  field  strength  will 
preduce  still  greater  curvature  of  the  electron  trajectories,  but  the 
value  of  the  anode  current  will  remain  unchanged.  The  curvature  of  the 
paths  will  be  the  greater  the  lower  the  anode  voltage,  and  the  higher 
the  magnetic  field  strength.  At  a  certain  value  of  field  strength 
which  Is  called  the  critical  value  the  paths  will  curve  so  much 

that  the  electrons  will  only  touch  the  anode  and  then  will  return  to 
the  cathode  (Plg.  13-6c).  In  this  case,  the  anode  current  will  at  once 
drop  to  zero,  since  now  not  a  single  electron  will  be  Incident  upon  the 
anode.  If  the  magnetic  field  strength  Is  Increased  above  the  critical 
value,  the  electrons  that  do  not  reach  the  anode  will  be  turned  back 
by  the  strong  magnetic  field  to  the  cathode  (Plg.  13-6d)  and  the  anode 
current  will  continue  to  equal  zero. 


Plg.  13-6.  Change  In  paths  of 
motion  of  electrons  In  magnetron. 

1)  Max;  2) 

Uius,  where  H  <  Hj^p#  the  plate  current  has  its  maximum  possible 


■} 
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value,  while  at  H  >  the  plate  current  at  once  ceases,  l.e.,  the 

slight  change  In  magnetic  field  strength  near  the  critical  value  causes 
a  sharp  change  In  the  anode  current.  As  a  result,  considerable  current 


Pig.  13-7.  Magnetron  plate  current 
as  a  function  of  magnetic  field 

strength.  i 

1)  Max;  2) 

pulses  appear  In  the  anode  circuit  of  a  magnetron;  In  the  presence  of 

i 

a  tuned  clrcoilt,  these  pulses  may  excite  powerful  undan^ped  oscillations 
In  the  tank  circuit. 

Ihe  dependence  of  a  magnetron’s  plate  current  upon  the  magnetic 
field  strength  I_  =  f(H)  may  be  represented  graphically  by  plotting 
along  the  X  axis  the  values  of  H,  and  along  the  Y  axis,  the  anode - 
current  values  (Plg.  13-7)*  In  the  Ideal  case,  the  curve  =  f(H) 
takes  the  form  of  a  broken  line  consisting  of  a  line  parallel  to  the 
X  axis  from  0  to  a  vertical  line  at  H  =  and  a  line  coinciding  1 

with  the  X  axis  along  the  segment  H  >  (Pig.  13-7*  line  a).  In  reality,  I 

such  a  sharp  change  In  plate  current  with  a  slight  change  in  magnetic  | 

field  strength  Is  not  observed  (Plg.  13-7^  curve  b).  Ihe  factors  caus-  i 

i 

Ing  the  upper  and  lower  bends  in  the  curve  are  the  absence  of  strict 
if  parallelism  between  the  magnetic  field  and  the  sixls  of  the  magnetron, 
distortion  of  the  electric  field  at  the  ends  of  the  electrodes,  eccen- 
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trlclty  In  the  location  of  the  cathode,  etc. 

Ahoye  the  curve  shown  in  Pig.  13 -7>  we  have  Illustrated  the 
changes  In  electron  paths  and  plate  current  with  changing  magnetic 
field  strength  with  the  anode  voltage  constant,  corresponding  to 
curve  a. 

The  relatively  sharp  variation  In  anode  current  caused  by  a 
slight  change  In  the  critical  magnetic  field  strength  Is  manifested 
by  the  possibility.  In  principle,  of  controlling  the  anode  current  by 
correspondingly  slight  changes  In  magnetic  field  strength  and,  conse¬ 
quently,  the  possibility  of  utilizing  the  magnetron  as  an  oscillator 
and  amplifier. 

The  method  of  controlling  the  anode  current  directly  with  the 
aid  of  the  magnetic  field  has  not  been  employed,  however,  since  It 
requires  extremely  con?)llcated  equipment.  It  Is  more  advantageous  In 
practice  to  control  the  anode  current  In  a  magnetron  by  changing  the 
anode  voltage  while  maintaining  the  magnetic  strength  constant,  l.e., 
to  utilize  the  magnetron  curve  at  H  =  const,  which  Is  remi¬ 

niscent  of  the  shape  of  the  curve  for  a  common  diode  (Plg.  13-8). 

The  value  of  anode  voltage  at  which  anode  current  will  appear  In 
a  magnetron  for  a  given  magnetic  field  strength  Is  called  the  critical 
anode  voltage  for  a  magnetron  It  follows  from  the  curve  that 

the  greater  the  magnetic  field  strength,  the  higher  the  critical  anode 
voltage  should  be. 

The  very  simple  magnetron  described  above  Is  called  a  magnetron 
with  a  nonsegmented  (solid)  anode  or  a  single-cavity  magnetron.  In 
such  a  magnetron,  use  Is  made  of  the  oscillation  of  electrons  moving 
In  the  space  between  the  cathode  and  anode  under  th?  action  of  the 
electrical  and  magnetic  fields;  the  electrons  move  In  cycloids. 

If  a  magnetic  field  with  strength  Is  set  up  In  a  magnetron 
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with  cylindrical  electrodes,  and  between  the  anode  and  cathode  there  Is 
connected  a  tuned  circuit,  tuned  to  the  frequency  at  which  the  electrons 
will  describe  cycloids  In  the  magnetron,  when  anode  voltage  Is  applied 


Pig.  13“8.  Volt-an5)ere  charac¬ 
teristic  of  magnetron. 

1)  H>  0;  2)  H  =  0; 

3)  U^.kr* 

to  the  magnetron,  oscillation  will  automatically  occur  (the  magnetron 
Is  self -excited  fincm  the  voltage  surge),  where  the  period  of  oscilla¬ 
tion  will  equal  the  transit  time  of  the  electrons  along  the  trajectories 
described  by  them. 

Single -cavity  magnetrons  are  not  in  wide  use,  since  It  is  impossible 
to  obtain  lai^e  RF  power  or  good  efficiency  from  them;  efficiency  nor¬ 
mally  does  not  exceed  10  per  cent.  The  reason  for  this  is  that  In  the 
single-cavity  magnetron.  It  is  Impossible  to  provide  proper  phasing  of 
the  electrons  and.  In  addition.  It  is  not  possible  to  clear  the  working 
space  completely  of  spent  electrons  which,  after  transmitting  their 
energy  to  the  tuned  circuit,  still  remain,  and  again  begin  to  be  accel¬ 
erated  by  the  oscillating  field,  which  expends  energy  upon  them  useless¬ 
ly.  If  the  magnetron  anode  Is  split  Into  two  semicylinders  and  the 
tuned  circuit  Is  connected  directly  between  them  (Plg.  13-9),  more 
powerful  oscillations  will  appear  In  such  a  meignetron.  Such  magnetrons 
are  called  split-anode  magnetrons.  Two  basic  types  of  oscillations  are 
excited  In  them:  the  previously  considered  electronic  oscillations  at 
cyclotron  frequency,  very  short  In  wavelengths,  and  low  in  power;  and  ^ 
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the  more  powerful,  longer  wavelengths  which  are  basically  determined 
by  the  tank-circuit  parameters,  and  are  Independent  of  the  cyclotron 
frequency  of  the  electronic  oaclllations.  Oscillations  of  the  second 


Pig.  13-9.  Basic  circuit  for 
split -anode  magnetron. 

type  are  caused  by  the  Interaction  of  electrons  with  the  high-frequency 
alternating  field  acting  tangentially  in  the  slots  between  the  edges 
of  the  anode  semicylinders. 

13-4.  MULTI CAVITY  MAGNETRONS. 

Split -anode  magnetrons  are  not  In  common  use  either,  since  they 
are  uneconomical,  and  do  not  deliver  sufficiently  powerful  and  stable 
oscillations  at  superhlgh  frequencies.  At  the  present  time,  for  decl- 
metrlc  and  centlmetrlc-band  oscillators,  wide  use  Is  made  of  so-called 
multicavity  magnetrons,  that  are  more  stable  in  operation,  more  economi¬ 
cal,  and  that  deliver  greater  amounts  of  RP  power  at  superhlgh  frequen¬ 
cies  either  In  pulsed  operation  or  In  continuous  operation. 

In  multicavity  magnetrons,  anode  units  are  used  that  have  an  even 
number  (from  8-4o)  of  resonators  arranged  around  the  circumference, 
equal  distances  apart.  Plgure  13-10  shows  the  arrangement  of  a  multi¬ 
cavity  magnetron:  In  the  central  cavity  of  the  anode  unit,  there  Is  a 
cylindrical  cathode,  while  covers  are  soldered  to  the  ends  of  the  unit. 
The  magnetic  field  of  a  magnetron  is  set  up  by  a  permanent  magnet  (or 
electromagnet)  having  pole  pieces  whose  diameter  is  somewhat  larger  ^ 
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than  the  diameter  of  the  central  cavity  of  the  anode  unit.  In  certain 
magnetron  designs^  the  pole  pieces  simultaneously  form  the  covers  for 
the  plate  unit,  which  to  a  still  larger  degree  concentrates  the  magnetic 


i 


^  % 
I 


Fig.  13-10.  Multlcavlty  magnetron, 
a)  Longitudinal  section;  b)  lateral 
section;  l)  anode  unit;  2)  cathode; 

3)  heater  leads;  4)  cathode  lead; 

5)  covers;  6)  resonator  cavities; 

7)  resonator  slots;  8)  Interaction 
space;  9)  coupling  loop. 

field  In  the  space  between  the  cathode  and  the  anode  unit  (the  Inter¬ 
action  space),  and  makes  It  possible  to  employ  small  permanent  magnets. 

For  better  cooling  of  the  magnetron,  the  outside  side  surface  of 
the  anode  unit  has  fins  past  which  air  Is  blown. 

A  high  anode  voltage  Is  applied  directly  to  the  housing  of  the 
anode  unit,  which  Is  grounded.  The  magnitude  of  tMs  voltage  depends 
upon  the  type  of  magnetron  and  varies  from  1  kv  to  several  tens  of 
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kilovolts. 


In  a  ntultlcavlty  magnetron,  as  In  a  split -anode  magnetron,  oscil¬ 
lations  occur  owing  to  the  Interaction  of  electrons  leaving  the  cathode 


Pig.  13-11.  Instantaneous 
distribution  of  high -frequency- 
field  of  resonator  and  constant 
field  of  anode  In  multicavity 
magnetron. 

1)  Segment  of  anode  unit; 

2)  resonator  slot;  3)  zone  of 
accelerating  high-frequency 
field;  4)  zone  of  retarding 
high-frequency  field;  5)  cathode. 

with  the  high-frequency  electrical  field  of  the  resonators,  each  of 
which  Is  a  tuned  circuit  with  a  capacitance  C^,  concentrated  mainly 
at  the  edges  of  the  resonator,  and  an  Inductance  distributed  along 
Its  Inner  surface.  The  nature  of  the  distribution  of  the  lines  of  force 
of  the  high-frequency  electric  field  of  a  magnetron  Is  illustrated  In 
Pig.  13-11  for  one  Instant  of  time.  The  RP  currents  flowing  along  the 
Inner  surfaces  of  the  resonators  form  a  high-frequency  magnetic  field 
whose  lines  of  force  pass  through  the  cavities  of  adjacent  resonators. 
As  a  result,  there  Is  Inductive  coupling  between  all  resonators  of  a 
magnetron  (Plg.  13-12),  which  makes  It  possible  to  take  RP  power  from  a 
magnetron  by  Introducing  a  coupling  loop  Into  a  single  resonator  alone. 

When  a  magnetron  Is  In  operation,  an  alternating  high-frequency 
voltage  acts  between  the  segments  of  the  anode  unit ;  the  high-frequency 


voltages  of  neighboring  segments  are  shifted  In  phase  by  l80°.  With 
such  oscillations.  In  any  of  the  half  cycles  half  of  the  segments, 
i.e.,  every  other  segment,  are  at  a  negative  voltage.  In  the  next  half 
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Pig.  13-12.  Inductive  coupling 
between  resonators  (view  of 
magnetic  fields  from  cathode), 
l)  Anode-unit  cover;  2)  anode 
segments. 

cycles,  the  polarity  of  the  segments  changes,  again  alternating.  Thus, 
the  RP  field  In  neighboring  resonators  Is  alv/ays  opposite  In  direction, 
I.e.,  shifted  byft[rad]  (l80°).  Thus,  such  oscillations  have  come  to  be 
called  ir-mode  oscillations.  In  multicavity  magnetrons,  the  ir-mode  Is 
the  basic  type  of  oscillation. 


Pig.  I3-I3.  Operating  principle 
of  inultlcavlty  magnetron. 

1)  anode-^nlt  segments;  2)  reso¬ 
nator  slots;  K)  cathode. 

Electrons  leaving  the  cathode  possess  the  required  velocities 
owing  to  the  difference  of  potentials  between  the  cathode  and  the  plate 
unit.  The  magnetic  field  directed  perpendicular  to  the  electric  field 


and  parallel  to  the  cathode  causes  the  trajectories  of  the  electrons 
to  curve  so  that  electrons  move  along  the  working  surface  of  the  anode 
unit,  between  whose  segments  the  RP  voltage  acts. 

For  the  sake  of  simplicity,  let  us  suppose  that  there  Is  a  single 
electron  opposite  the  center  of  each  segment  of  the  anode  unit  that 
Is  at  a  positive  potential  (Plg.  13-13 )•  If  these  electrons  are  forced 
to  move  with  the  same  Initial  velocity  along  the  working  surface  of  the 
anode  unit  (for  example.  In  a  clockwise  direction),  during  the  first 
half  cycle  of  each  cycle  as  they  pass  by  the  resonator  slots,  they  will 
move  In  a  retarding  RP  field  from  the  resonators,  while  In  the  second 
half  cycle,  they  will  move  In  an  accelerating  field.  When  moving  In  a 
retarding  field  during  the  first  half  cycles,  the  electrons  give  up  a 
portion  of  their  kinetic  energy  to  the  RP  field  of  the  resonators, 
while  In  moving  In  the  accelerating  field  (during  the  second  half  cycles) 
they  receive  back  from  the  RP  field  the  same  amount  of  energy.  Thus, 
over  entire  cycles,  the  RP  field  of  the  resonators  obtain  no  energy 
from  the  electrons,  and  the  RP  oscillations  die  out.  The  rate  of  motion 
of  the  electrons  may  be  so  chosen,  however,  that  the  transit  time  of 
the  electrons  between  the  centers  of  successive  segments  will  equal  a 
half  cycle  of  the  high-frequency  voltage.  In  this  case,  the  electrons 
will  always  move  In  a  retarding  high-frequency  field  and.  Interacting 
with  It,  will  yield  to  It  their  kinetic  energy  acquired  as  a  result  of 
the  action  of  the  constant  acceleration  voltage  between  the  anode  and 
cathode.  As  a  result,  the  oscillations  In  the  magnetron  remain  undamped. 

If  at  a  given  Instant  of  time  there  Is  a  single  electron  opposite 
the  center  of  each  segment  of  the  anode  unit  that  Is  under  a  negative 
potential,  then  a  velocity  may  be  chosen  that  will  force  the  electrons 
to  always  move  In  an  accelerating  high-frequency  field.  In  this  case, 
the  electrons  will  only  take  energy  from  the  high-frequency  field  of 


the  resonators,  and  oscillation  will  cease. 

Consequently,  In  a  working  magnetron,  oscillation  may  be  maintained 
provided  that  the  electrons  In  their  motion  past  resonator  slots  always 
encounter  a  retarding  RP  field,  which  is  possible  only  for  a  particular 
electron  velocity. 

The  principle  of  selecting  electron  velocities  at  which  the  elec¬ 
tron  transit  time  from  the  center  of  one  segment  to  the  center  of  the 
next  segment  equals  a  half  cycle  of  the  high-frequency-voltage  oscilla¬ 
tion  Is  called  the  principle  of  synchronization. 

Let  us  now  suppose  that  a  single  electron  Is  opposite  the  center 
of  each  segment.  In  this  case,  even  where  there  Is  synchronization. 

In  any  half  cycles,  half  of  the  electrons  will  move  In  an  accelerating 
RP  resonator  field,  opposite  every  other  resonator,  while  the  other 
half  of  the  electrons  move  in  a  retarding  high-frequency  field  also 
opposite  alternate  resonators.  As  a  result,  the  energy  obtained  from 
the  electrons  by  the  RP  field  for  any  full  cycles  will  equal  the  ener¬ 
gy  given  to  the  electrons  by  the  field.  Thus,  the  magnetron  will  not 
oscillate.  Consequently,  In  normal  operation  of  a  magnetron,  the  elec¬ 
trons  should  lie  in  those  zones  of  the  Interaction  space  In  which  the 
high-frequency  field  Is  retarding,  and  should  not  be  In  zones  where 
the  high-frequency  field  Is  accelerating,  l.e.,  the  electrons,  leaving 
the  cathode  and  entering  the  Interaction  space,  should  be  bunched  only 
In  zones  with  a  retarding  high-frequency  field. 

Let  us  consider  the  mechanism  of  electron  bunching. 

At  any  point  of  the  interaction  space,  the  voltage  of  the  high- 
frequency  field  may  be  resolved  Into  two  con^jonents:  a  radial  con^jonent 
and  a  tangential  component.  In  zones  under  positive  segments  of  the 
anode  unit,  the  radial  component  Is  directed  toward  the  cathode,  while 
In  zones  under  negative  segments.  It  Is  directed  toward  the  segments 
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(Plg.  13-l4a).  These  zones  are  bounded  by  planes  passing  through  the 
axis  of  the  cathode  and  the  centers  of  the  slots.  As  follows  from 
Pigs.  13-1 4a  and  13-11>  the  boundary  planes  pass  altei*nately  through 


13-14.  Space -charge  focusing 
by  high-frequency  fields. 


the  retarding  and  accelerating  tangential  RP  fields. 

Let  us  consider  the  motion  of  electrons  to  the  left  and  to  the 
right  of  one  of  these  planes  ss,  which  passes  through  a  retarding  tan¬ 
gential  high-frequency  field. 

The  electrons  In  the  plane  ss  (Plg.  13-l4a)  are  accelerated  by  a 
constant  anode  field  and  shifted  by  the  magnetic  field  from  left  to 
right,  while  electrons  to  the  left  of  plane  ss  are  accelerated  both 
by  the  constant  anode  field  and  by  the  radial  component  of  the  high- 
frequency  field  of  the  resonator.  These  electrons  are  also  shifted 
from  left  to  right  by  the  magnetic  field,  l.e.,  toward  plane  ss,  but 
extremely  rapidly,  since  they  have  higher  velocities.  Thus,  electrons 
to  the  left  of  plane  ss  overtake  the  electrons  lying  In  this  plane. 


I 


Electrons  lying  to  the  right  of  plane  ss  are  accelerated  by  the 
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constant  anode  voltage,  but  are  retarded  by  the  radial  component  of 
the  HP  field,  directed  from  the  cathode  to  the  segment.  These  electrons 
are  also  shifted  from  right  to  left  by  the  magnetic  field,  but  more 
slowly  than  electrons  lying  In  plane  ss,  or  those  further  to  the  left 
of  this  plane.  Thus,  electrons  lying  In  plane  ss  and  to  the  left  of 
It  overtake  electrons  lying  to  the  right  of  this  plane.  As  a  result. 

In  the  zones  of  retarding  RP  field,  the  electrons  come  together  (bunch) 
and  form  a  narrow  channel  (blade),  along  which  electrons  are  directed 
from  the  cathode  to  the  anode  (Plg.  13-l4b).  As  follows  from  Pig.  13-14, 
the  electron  blades  are  formed  In  the  zones  of  a  retarding  tangential 
field.  In  which  the  kinetic  energy  of  the  electrons  Is  converted  Into 
energy  of  the  high-frequency  field,  l.e..  Into  energy  of  high-frequency 
oscillations.  In  zones  with  an  accelerating  high-frequency  field,  the 
blades  do  not  form.  Thus,  the  uniform  electron  cloud  formed  by  the 
cathode  In  the  Interaction  space  Is  converted  (focused)  by  the  radial 
component  of  the  RF  field  Into  an  electron  cloud  with  blades  (into  an 
"electron  jcotor")  (Plg.  13-15  )•  Since  the  retarding  tangential  RP  field 
alternates,  corresponding  to  every  other  resonator,  the  blades  will 
also  alternate,  skipping  every  other  resonator.  Thus,  If  the  nvunber  of 
resonators  In  the  anode  unit  Is  N,  the  number  of  blades  will  be  N/2. 
Thus,  for  example,  for  an  8-cavlty  magnetron,  the  number  of  blades  Is 
N/2  =8/2=4. 

The  "electron  rotor"  rotates  around  the  cathode  with  an  angular 
velocity  such  that  each  blade  moves  from  one  slot  of  the  anode  unit  to 
the  next  In  a  half  cycle,  l.e..  In  synchronism  with  the  RP  oscillations. 
Here  the  edges  of  the  blades  slip  past  the  anode  segments,  while  In  each 
blade,  the  electrons  move  In  cycloidal  trajectories,  going  from  cathode 
to  anode,  and  yielding  to  the  high-frequency  fields  of  the  resonators 
the  energy  obtained  In  the  constant  anode  field.  Depending  upon  the 
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direction  of  the  magnetic  field,  the  "electron  ]?otor"  may  rotate  clock¬ 
wise  or  counter  clockwise. 

Let  us  now  consider  the  nature  of  the  motion  of  electrons  In  the 


Pig.  I3-I5.  Shape  of 
space  charge  In 
magnetron  oscillator. 


Pig.  13-16.  Paths  of 
electrons  In  magnetron 
oscillator. 


electron  blades. 

Electrons  leaving  the  cathode  and  accelerated  by  the  constant 
anode  field  fall  into  a  retarding  tangential  high-frequency  field. 
The  kinetic  energy  which  they  obtain  In  moving  from  cathode  to  anode 
owing  to  the  accelerating  anode  field  decreases,  since  a  portion  of 


Pig*  13-17*  Types  of  couplings 
between  plate -unit  resonators. 

It  Is  given  over  to  the  retarding  high-frequency  field.  As  the  energy 
drops  under  the  Influence  of  the  magnetic  field,  directed  perpendicular 
to  the  electid-c  field,  the  electrons  begin  to  move  toward  the  cathode, 
but  do  not  reach  It,  since  their  energy  becomes  low.  Remaining  at  a 


certain  distance  from  the  cathode,  the  electrons  again  begin  to  move 
toward  the  anode,  again  delivering  a  new  amount  of  energy  to  the  hlgh- 
^  frequency  field.  Under  the  Influence  of  the  magnetic  field,  the  elec¬ 

trons  again  change  their  direction  of  motion,  and  remain  still  further 
from  the  cathode,  since  their  energy  becomes  still  less. 

Thus,  these  electrons,  obtaining  energy  from  the  constant  anode 
field,  and  giving  It  up  to  the  RP  field,  are  constantly  moving  toward 
the  anode,  describing  a  set  of  cycloidal  paths  (trajectory  2,  Pig. 
13-16).  Yielding  a  considerable  amount  of  their  energy  to  the  RP  field, 
the  electrons.  In  moving  further,  strike  the  anode  and  are  no  longer 
Involved  In  the  process. 

Let  us  now  consider  those  electrons  that  upon  leaving  the  cathode 
fall  Into  an  accelerating  high-frequency  field.  Under  the  Influence  of 
the  magnetic  field,  these  electrons  return  to  the  cathode  with  energies 
obtained  from  the  accelerating  tangential  RP  field  (trajectory  3> 

Pig.  13-16). 

Such  electrons  do  unfavorable  work;  they  take  energy  away  from  the 
high-frequency  field,  and  transfer  It  to  the  cathode,  owing  to  which 
the  cathode  temperature  rises. 

Plnally,  In  those  zones  of  the  Interaction  space  where  the  high- 
frequency  field  strength  Is  so  small  that  It  may  be  neglected,  the 
electrons  leaving  the  cathode  receive  no  energy  from  the  RP  field, 
and  under  the  Influence  of  the  magnetic  field  return  to  the  cathode 
with  zero  energy  (trajectory  1,  Pig.  13-16).  Such  electrens  perform 
neither  useful  nor  harmful  work. 

Together  with  oscillations  at  the  basic  frequencies  (irmode), 
oscillations  may  be  excited  In  a  multlcavlty  magnetron  at  other  fre- 
^  quencles  as  well  that  are  close  to  the  fundamental  frequency  (so- 

called  parasitic  oscillations).  This  also  explains  the  arbitrary 
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transition  of  oscillations  generated  by  the  magnetron  from  the  funda¬ 
mental  frequency  to  the  spurious  frequency,  causing  Instability  In 
the  magnetron  characteristic. 

The  effect  of  parasitic  oscillations  Is  eliminated  by  locating 


Pig.  13-18.  Construction  of 
anode  unit  with  resonators 
of  different  dimensions. 

the  resonant  frequencies  further  apart,  which  decreases  the  possibil¬ 
ity  of  oscillations  going  over  from  the  fundeunental  frequency  to  other 
frequencies;  In  this  case,  the  energy  of  the  constant  electrical  field 
Is  used  solely  to  maintain  oscillations  In  the  basic  mode.  In  practice, 
the  resonant  frequencies  are  separated  by  Introducing  special  couplings 
between  the  sections  of  the  plate  unit  (Plg.  13-17).  These  links  are 
utilized  In  magnetrons  designed  to  operate  at  frequencies  of  up  to 
10,000  Me. 

Ihe  presence  of  such  links  In  a  magnetron  makes  It  possible  not 
only  to  move  the  resonant  frequencies  apart  and  to  establish  a  working 
regime  with  oscillations  at  the  fundamental  frequency  without  exciting 
oscillations  at  other  frequencies,  but  also  Improves  the  stability  of 
the  characteristic  and  ln5)roves  efficiency  for  the  magnetron. 

For  SHF  magnetrons,  separation  of  oscillation  modes  Is  accomplished 
not  with  the  aid  of  links,  which  Involve  considerable  difficulties  ow¬ 
ing  to  the  small  dimensions  of  the  resonators  and  links,  but  by  using 
anode  blocks  having  differing  tuned  circuits  (diverse  resonators)  in 
which  large  and  small  cavities  alternate;  the  cavities  of  different 
sizes  will  have  different  natxiral  resonant  frequencies  (Plg.  13-18). 
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In  this  case,  oscillations  will  occur  with  a  frequency  midway  between 
the  frequencies  of  the  large  and  small  cavities.  Such  rlslng-sun  anodes 
give  good  mode  separations  and  do  not  have  the  effects  Inherent  In 
strapped  anodes.  Rlslng-sun  magnetrons  with  a  large  number  of  resona¬ 
tors  are  very  effective. 

In  certain  designs  for  multlcavlty  magnetrons,  provision  Is  made 
for  special  fittings  for  changing  resonator  Inductance  or  capacitance 
by  changing  the  voliunes  of  the  resonator  cavities  or  slots  by,  for 
exanple,  the  utilization  of  special  tuning  rings  or  strips.  In  this 
way.  It  Is  possible  to  obtain  more  accurate  tuning  of  a  magneti*on  to 
the  required  working  frequency.  With  this  method.  It  Is  possible  to 
obtain  a  change  In  frequency  of  about  +  7  per  cent  from  the  mean  work¬ 
ing  value. 

In  hlgh-^)ower  multlcavlty  magnetrons  operating  under  pulse  con¬ 
ditions,  Indirectly  heated  oxide -coated  cathodes  are  utilized,  but 
their  operating  regimes  In  magnetrons  differ  from  those  In  standard 
electron  tubes.  The  distinction  lies  In  the  fact  that  the  remaining 
kinetic  energy  of  the  electrons  returned  to  the  cathode,  obtained  by 
the  electrodes  from  the  RP  accelerating  field,  goes  to  excite  secondary- 
electron  emission,  and  for  additional  heating  of  the  cathode.  This 
energy  amounts,  on  the  average,  to  7-6  per  cent  of  the  energy  applied 
to  the  anode  circuit,  and  where  the  magnetron  Is  operated  at  high 
frequencies  (\ roughly  3  cm),  it  txirns  out  to  be  sufficient  to  maintain 
the  working  temperature  of  the  cathode  with  the  heater  supply  turned 
off.  In  order  to  avoid  overheating  of  the  cathode  In  such  magnetrons 
under  working  conditions,  the  cathode  heating  ctin?ent  Is  decreased  or 
cut  off  altogether. 

For  firmer  attachment  of  the  oxide  coating  and  weakening  of  the 
action  of  electron  bombardment  on  the  cathode,  a  nickel  grid  is  used 


that  forms  small  cells  Into  which  the  oxide  mixture  Is  pressed. 

In  magnetrons  operating  under  continuous  conditions,  a  tungsten 
cathode  Is  utilized;  It  gives  lower  emission  but  Is  more  stable  In 


Pig.  13-19-  Cathode  designs  for 
multlcavlty  magnetrons, 
a)  Thorlum-oxlde;  b)  metallized 
wire  gauze;  c)  oxide-coated  metal 
gauze. 

l)  Thorlum-oxlde  cylinder;  2)  em¬ 
bedded  tungsten  helix  heater; 

3)  nickel  tube  and  grid;  4)  nickel 
tube  and  grid  with  oxide  mask; 

5)  screen;  6)  support;  j)  Insulator. 


operation.  In  magnetrons  of  this  type,  the  useful  power  Is  small.  Ihe 
power  developed  at  the  magnetron  plate,  however.  In  operation  under 
continuous  conditions.  Is  considerably  greater  than  the  mean  power 


Pig.  13-20.  Working  characteristics 
of  multlcavlty  magnetron, 
l)  kw;  2)  oersteds;  3)  kv. 


developed  at  the  anode  under  pulsed  operation.  Ihufl,  In  such  magnetrons^ 
the  plate  is  frequently  water-cooled. 

Figure  13-19  shows  several  types  of  cathodes  utilized  In  multl- 
cavlty  magnetrons. 

Multlcavlty  magnetrons  are  very  efficient.  The  reason  for  this  Is 
that  the  electrons  do  not  penetrate  deeply  Into  the  accelerating  RF 
field  and,  consequently,  they  give  up  a  small  amount  of  energy  to  It. 
Conversely,  electrons  penetrate  deeply  Into  the  retarding  high-frequency 
field,  and  In  moving  from  cathode  to  anode,  give  up  to  this  field  nearly 
all  of  the  energies  that  they  have  gained  from  the  constant  electric 
field.  As  a  result.  In  a  multlcavlty  magnetron,  a  considerable  portion 
of  the  energy  of  the  constant  field  Is  converted  Into  RF-fleld  oscilla¬ 
tion  energy,  and  efficiency  Increases. 

The  basic  performance  characteristics  of  a  multlcavlty  magnetron 
are  the  graphs  showing  the  dependence  of  anode  voltage  upon  anode 
current  U_  =  f(l_),  corresponding  to  different  constant  values  of  mag- 
netlc  field  strength  H,  RF  power  Pj^,  and  efficiency  TJ.  Figure  13-20 
shows  typical  characteristics  of  a  pulsed  multlcavlty  magnetron.  These 
curves  show  that  In  order  to  Increase  the  useful  RF  power.  It  Is  neces¬ 
sary  to  Increase  the  magnetic  field  strength  H  and  the  anode  voltage 
U  ,  while  In  order  to  Increase  the  efficiency  ■»j  for  a  given  anode 
current.  It  Is  necessary  to  Increase  the  anode  voltage.  Conversely, 
an  Increase  In  anode  current  for  a  given  anode  voltage  leads  to  a  drop 
In  i|.  Thus,  the  characteristics  given  make  It  possible  to  establish 
the  desired  operating  regime  for  the  magnetron.  Thxis,  for  exanple,  for 
a  useful  RF  power  =  300  kw  and  an  efficiency  r)  =  45  per  cent,  we  will 
have  an  anode  voltage  of  U_  =  l6  kv  and  an  anode  current  I  =  43  amp 
(point  P).  In  this  case,  the  magnetic  field  strength  should  be  on  the 
order  of  I700  oersteds. 
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13-5.  TRAVELING-WAVE  TUBES. 

The  first  models  of  electron  amplifier  tubes  designed  for  SHF 
service,  which  have  come  to  be  called  traveling -wave  tubes  (abbreviated 
LBV*),  were  obtained  In  1944. 

At  present,  two  types  of  traveling -wave  tubes  are  produced:  Input 
types,  possessing  high  sensitivity  and  low  noise  figure,  and  output 
tubes  with  output  powers  on  the  order  of  1-20  watts.  Input  LBV  are 


Pig.  13-21.  Schematic  diagram  of 
traveling -wave  tube  and  basic 
circuit  used  with  It. 
l)  Input;  2)  output. 

utilized  In  radar  receivers  and  In  radio  relay-link  receivers.  Output 
LBV  are  used  In  radio  relay-link  transmitters.  Tlie  advantage  of  travel¬ 
ing-wave  tubes  In  con^jaid-son  with  klystrons  and  magnetrons  lies  In  the 
fact  that  they  have  a  wide  passband,  as  Is  needed  for  microwave  work, 
and  have  a  low  Internal -noise  level,  and  are  more  efficient.  The  noise 
figure  In  a  traveling -wave  tube  Is  less  by  a  factor  of  100  than  for 
klystrons. 

Traveling -wave  tubes  may  oscillate  In  the  3000  Me  and  above  band. 

The  basic  arrangement  and  circuit  used  with  the  traveling -wave 
tube  Is  shown  In  Pig.  13-21.  Ihe  basic  element  of  the  tube  Is  a  long 
hollow  helix  wound  from  wire,  1,  Inside  an  envelope  2,  which  has  been 
evacuated.  To  one  side  of  the  helix  there  Is  a  cathode  3#  a  control 
electrode  4,  and  an  accelerating  electirode  5;  on  the  other  side  there 
Is  a  collector  6,  which  Is  at  the  potential  of  the  accelerating  elec- 
♦  [  JiEB  -  LBV  -  lampa  c  begushchey  volnoy  -  traveling -wave  tube.  ] 
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trode.  The  spiral,  together  with  the  envelope.  Is  located  In  a  metal 
cylinder  7-  llie  length  of  the  spiral  Is  on  the  order  of  50  cm,  and  Its 
diameter  ranges  from  1-3  mm. 

The  signal  being  an^illfled,  which  takes  the  form  of  an  alternating 
current  traveling  along  the  wire  of  the  spiral,  as  a  wave.  Is  applied 
to  the  end  of  the  spiral  located  near  the  cathode,  while  the  amplified 
signal  Is  taken  from  the  other  end. 

Electrons  leaving  the  hot  cathode  are  accelerated  by  the  high 
positive  potential  on  electrode  5,  and  progress  along  the  axis  of  the 
helix  at  high  velocities,  reaching  0.1  times  the  speed  of  light.  Upon 
leaving  the  spiral,  the  spent  electrons  are  trapped  by  the  collector. 
The  electron  beam  Is  controlled  by  changing  the  potential  on  electrode 
4,  while  the  electrons  are  focused  by  an  axial  magnetic  field  set  up 
by  the  colls  8. 

In  traveling -wave  tubes,  electrons  moving  along  the  axis  of  the 
helix  Interact  continuously  with  the  electrical  field  of  the  wave 
moving  along  the  turns  of  the  spiral;  here  the  electrons  give  up  a 
portion  of  their  kinetic  energy  to  the  electromagnetic  wave  and  aii5>ll- 
fy  It. 

As  Is  known,  effective  Interaction  of  electrons  with  a  high- 
frequency  field  Is  achieved  by  two  methods;  either  by  Increasing  the 
force  acting  upon  an  electron  (for  exaunple.  In  microwave  trlodes  and 
In  klystrons),  or  by  Increasing  the  path  over  which  the  force  acts  on 
the  electron.  The  second  method  Is  utilized  In  traveling -wave  tubes. 

The  signal  applied  to  the  Input  of  the  tube  forms  a  wave  which 
In  a  straight  wire  would  be  propagated  in  accordance  with  the  fluctua¬ 
tions  in  the  electrical  charges  at  a  velocity  v^,  about  equal  to  the 
speed  of  light  o.  If  the  conductor  Is  helical  In  form,  the  rate  of 
movement  of  a  wave  along  the  tvirns  of  the  helix  remains  unchanged. 


roughly  equals  c  equals  3*10^*^  cm/sec,  while  the  speed  of  motion  of 
the  electric  field  formed  within  the  spiral  by  the  wave  decreases;  here 
the  greater  the  diameter  and  the  smaller  the  pitch  of  the  helix,  the 
lower  the  speed  of  movement  of  the  electric  field  along  the  axis  of  the 
helix.  The  connection  between  the  rate  of  motion  of  the  wave  v^,  the 
rate  of  motion  of  the  axial  electric  field  v  , *  the  pitch  p  and  the 

Jr 

length  of  a  single  turn  1  =  «d  of  the  helix  Is  defined  by  the  rela¬ 
tionship 

o,  ~itd  * 

Prom  this  we  may  find  the  velocity  of  the  axial  electric  field  along 
the  axis  of  the  helix. 


Selecting  the  ratio  p/tfd,  the  velocity  of  the  axial  field  may  be 

reduced  to  a  value  v  =  0.1c,  at  which  the  axial  field  and  the  elec- 

P 

trons  of  the  beam  will  move  at  about  the  same  velocity.  Interacting 
continuously  along  the  entire  path  of  motion  within  the  helix. 

The  electromagnetic  wave  moving  along  the  turns  of  the  helix 
sets  up  within  the  helix  not  only  an  electric  field,  but  a  magnetic 
field  as  well.  The  action  of  the  magnetic  field  on  the  stream  of  elec¬ 
trons  may  be  neglected,  however,  since  It  Is  extremely  small.  Of  Inter¬ 
est  from  the  practical  point  of  view  Is  the  Interaction  of  the  electron 
beam  with  the  electric  field  alone;  within  the  helix.  It  Is  possible 
to  distinguish  three  components;  axial,  radial,  and  tangential.  Of 
these  components,  the  radial  and  tangential  equal  zero  on  the  axis  of 
the  helix  (owing  to  symmetry),  while  near  the  axis  they  are  so  small 


*  *■  %  -  ^volna  “  ^wave^  *■  ^p  “  ^pole  “  Afield.  ] 
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that  their  effect  upon  the  electron  beam  need  not  be  taken  into  con¬ 
sideration.  Prom  this  it  follows  that  only  the  axial  component  of  the 
traveling -wave  electric  field  interacts  with  the  stream  of  electrons. 

Let  us  now  consider  the  mechanism  for  electron  interaction  with 
the  electric  field  in  various  sections  of  the  traveling  wave.  Let  a 
traveling  wave  move  along  the  helix,  which  takes  the  form  of  a  delay 
system,  and  at  the  input  of  the  helix,  for  various  portions  of  each 
wave,  let  electrons  flow  in, moving  at  the  velocity  of  the  wave.  Clearly, 
those  electrons  that  enter  with  portions  of  the  wave  where  the  electric 
field  is  zero  will  not  change  in  kinetic  energy,  since  along  the  entire 
path  through  the  axis  of  the  helix,  they  will  move  with  the  velocity  of 
the  wave,  and  at  all  times  will  be  in  sections  where  there  is  no  field. 

Those  electrons  that  enter  with  a  traveling -wave  section  where 
the  electric  field  is  accelerating  for  the  electrons  interact  with  the 
field  (the  field  accelerates  the  electrons).  As  a  result,  the  energy 
of  the  electrons  is  Increased,  while  the  energy  of  the  traveling  wave 
is  decreased. 

Finally,  if  electrons  enter  in  a  wave  section  where  the  field  is 
retarding  for  the  electrons,  the  electron  kinetic  energy  will  drop, 
while  the  traveling -wave  energy  will  rise  (the  wave  is  amplified). 

If  the  velocity  of  the  electrons  equals  the  velocity  of  the  travel¬ 
ing  wave,  however,  and  if  there  is  a  uniform  stream  of  electrons  in  the 
helix,  the  electrons  will  be  distributed  equally  in  accelerating  and 
retarding  sections  of  the  wave.  Thus,  the  mean  energy  of  all  electrons 
in  the  various  sections  of  the  wave,  and  the  energy  of  the  wave,  will 
not  change.  Consequently,  the  wave  as  a  whole  will  not  be  an^jlifled. 
Clearly,  for  normal  operation  of  a  traveling -wave  tube,  it  is  necessary 
to  provide  conditions  in  which  the  electrons  will  be  bunched  chiefly 
in  the  retarding  sections  of  the  wave,  while  in  the  accelerating  wave 
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sections,  there  will  be  as  few  as  possible. 

In  order  to  clarify  the  conditions  for  such  bunching,  let  us  con¬ 
sider  the  interaction  of  an  electron  beam  with  a  traveling  wave. 

1.  Let  the  velocity  of  the  electrons  equal  the  velocity  of  the 
traveling  waves.  In  this  case,  electrons  In  accelerating  sections  of 
the  wave  will  Increase  In  velocity,  and  will  lose  velocity,  corres¬ 
pondingly,  In  retarding  sections.  The  accelerated  and  delayed  electrons 
gradually  draw  together  and  bunch  In  a  section  of  the  wave  where  the 
accelerating  field  replaces  the  retarding  field.  Since  the  niunber  of 
electrons  In  accelerating  sections  of  the  wave  equals  the  number  of 
electrons  In  retarding  sections  of  the  wave,  and  retardation  and  ac¬ 
celeration  occur  to  an  equal  extent,  the  energy  of  the  wave  will  not 

be  changed.  Thus,  a  traveling -wave  tube  will  not  amplify  If  the  elec¬ 
tron  velocity  equals  the  traveling -wave  velocity. 

2.  Let  us  now  decrease  the  velocity  of  the  electrons  so  that  It 
becomes  somewhat  less  than  the  velocity  of  the  traveling  wave.  In  this 
case,  electrons  falling  Into  a  wave  region  with  an  accelerating  field, 
despite  the  fact  that,  according  to  the  initial  assiunptlon,  their 
velocity  Is  somewhat  less  than  the  wave  velocity,  will  remain  In  an 
accelerating  field  during  their  transit  time  through  the  spiral,  since 
the  accelerating  field  Increases  their  velocity.  Consequently,  these 
electrons  take  energy  from  the  traveling -wave  field. 

On  the  other  hand,  electrons  falling  Into  a  section  of  the  wave 
with  a  retarding  field  are  retarded  still  more  and  fall  still  further 
behind  the  wave,  gradually  falling  Into  a  section  of  the  wave  with  an 
accelerating  field.  Thus,  If  the  velocity  of  the  electrons  Is  somewhat 
less  than  the  velocity  of  the  traveling  wave,  the  electrons  will  be 
bunched  In  wave  sections  with  accelerating  fields.  As  a  result,  the 
energy  of  the  electrons  Is  Increased,  while  the  wave  energy  drops. 
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Consequently,  LBV  will  not  amplify  In  this  case. 

3.  Let  us  now  assume  that  the  velocity  of  the  electrons  going  Into 
the  traveling  wave  Is  somewhat  higher  than  the  velocity  of  the  wave. 


Pig.  13-22.  Mechanism  of  electron  bunching 
under  the  Influence  of  a  traveling  wave 
(initial  velocity  of  electrons  somewhat 
less  than  the  wave  velocity).  The  dashed 
lines  are  electron  trajectories  In  the  ab¬ 
sence  of  the  traveling  waves. 

1)  Accelerating -field  region;  2)  retardlng- 
fleld  region. 

In  this  case,  on  sections  of  the  wave  with  an  accelerating  field,  the 
electrons  will  move  somewhat  faster  than  the  wave  (both  as  a  result  of 
the  greater  Initial  velocity,  and  as  a  result  of  their  acceleration), 
while  on  sections  with  a  retarding  field,  they  will  be  somewhat  slower 
than  the  waves,  since  they  are  retarded  by  the  field.  Thus,  electrons 
pass  from  the  accelerating  field  Into  a  retarding  field  In  large 
numbers,  while  small  numbers  will  pass  from  a  retarding  field  Into  an 
accelerating  field.  As  a  result,  the  electrons  are  bunched  on  wave 
sections  with  retarding  fields.  In  this  case,  a  considerable  portion 
of  the  kinetic  energy  will  be  given  up  by  the  bunched  electrons  to 
the  field  of  the  traveling  wave,  and  as  a  result  the  wave  and,  conse¬ 
quently,  the  signal,  will  be  amplified.  Thus,  for  nonnal  traveling - 
wave  tube  operation  It  Is  necessary  for  the  velocity  of  the  electrons 


entering  the  wave  to  be  somewhat  higher  than  the  wave  velocity. 

Figure  13-22  shows  the  change  In  electron  velocity  and  the  change 
In  electron  grouping  thus  created,  corresponding  to  the  last  case;  here, 
the  shift  In  electrons  relative  to  the  wave  LI  Is  plotted  along  the 
X  axis,  and  time  t  along  the  Y  axis. 

The  considerations  presented  are  correct  If  there  Is  only  a  travel¬ 
ing  wave  In  the  helix.  In  actuality,  some  energy  may  be  reflected  from 
the  load  (reflected  wave).  The  reflected  wave,  superimposed  upon  the 
traveling  wave,  changes  the  field  pattern  In  the  helix.  As  a  result, 
the  energy -transfer  mechanism  becomes  more  complicated. 

13-6.  BACKWARD-WAVE  TUBES. 

In  design  and  principle  of  action,  a  backward -wave  tube  Is  similar 
to  a  traveling -4/ave  tube.  The  difference  lies  chiefly  In  the  fact  that 
In  the  backward -wave  tube,  use  Is  made  of  the  Interaction  of  a  beam  of 
electrons  with  components  of  a  complex  electromagnetic  wave  that  propa¬ 
gates  In  the  opposite  direction  (opposite  to  the  traveling  wave).  Prom 
this  Is  derived  the  name  ''backward-wave  tube"  or,  as  abbreviated,  LOV*. 

In  a  backward-wave  tube,  the  energy  of  the  beam  of  electrons  and 
the  energy  of  the  backward  wave  propagating  In  the  opposite  direction 
Interact  for  many  oscillation  cycles. 

It  has  been  established  that  with  a  backward  wave,  both  amplifi¬ 
cation  and  generation  of  oscillations  take  place.  The  peculiarity  of 
the  backward-wave  tube  lies  In  the  fact  that  It  may  be  easily  converted 
from  oscillator  to  amplifier  by  changing  only  a  single  accelerating 
voltage  (electronic  tuning).  This  voltage  nonnally  varies  from  several 
hundreds  to  several  thousands  of  volts.  In  this  case,  the  frequency  of 


*[JIOB  -  LOV  -  lampa  c  obratnoy  volnoy  -  backward -wave  tube.  ] 
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the  oscillations  generated  varies  over  a  wide  range  reaching  about 
60,000  Me.  A  backward-wave  oscillator  tube  gives  good  frequency  sta¬ 
bility,  which,  as  far  as  is  known,  is  independent  of  the  load,  while 
its  efficiency  is  comparable  with  the  efficiency  of  a  reflex  klystron. 

In  a  backward-wave  oscillating  tube  designed  to  operate  at  very 
high  frequencies,  instead  of  the  normal  delay  system,  for  example 
a  helix,  another  system  is  used  in  which  there  is  a  series  of  slots 
located  a  specific  distance  apart,  and  in  which  the  beam  of  electrons 
is  shielded  from  the  wave  over  a  considerable  segment  of  its  path.  In 
this  system,  the  beam  of  electrons  interacts  with  the  electromaignetlc 
waves  only  in  the  slots.  Ihus,  in  a  tube  of  this  type,  the  velocity 
of  the  electromagnetic  wave  does  not  decrease  to  the  velocity  of  the 
electron  beam.  In  LOV,  the  interaction  of  the  electrons  with  the  wave 
is  similar  to  the  interaction  taking  place  in  LBV,  but  is  different. 


Chapter  Fourteen 
PHOTOELECTRIC  DEVICES 

14-1.  BASIC  CONCEPTS  OP  THE  QUANTUM  THEORY  OP  LIGHT. 

We  established  in  Chapter  One  that  according  to  Planck's  theory, 
radiant  energy  may  be  emitted  and  absorbed  In  definite  portions  (quanta) 
whose  magnitude  Is  determined  by  the  product  hv.  In  190^5,  Einstein 
developed  this  theory  further,  proposing  that  If  radiant  energy  Is 
emitted  and  absorbed  In  quanta,  the  radiation  process  Itself  Is  quan¬ 
tized,  l.e.,  the  propagation  of  luminous  energy  Is  not  wave  propagation, 
but  the  propagation  of  a  kind  of  particle  (corpuscle)  known  as  a  light 
quantum  or  photon.  Thus,  In  accordance  with  the  Planck-Elnsteln  concep¬ 
tions,  light  not  only  leaves  the  atom  In  the  form  of  an  energy  qixantiim, 
but  Is  also  propagated  In  space  and  enters  Into  Interaction  with  matter 
In  the  form  of  the  same  energy  quantum  hv,  which  travels  through  space 
as  a  whole  with  the  velocity  of  light. 

Photons  do  not  exist  In  a  state  of  rest,  and  consequently  have  no 
resting  mass;  In  motion,  however,  they  possess  a  definite  mass  m  which 
depends  on  the  oscillation  frequency  v.  This  relation  Is  given  by  the 
equation  m  =  hv/c,  where  c  Is  the  velocity  of  light. 

Upon  striking  solids,  photons  transfer  energy  to  them  and  create 
the  so-called  light  pressvire,  which  was  first  experimentally  observed 
by  P.N.  Lebedev  In  I900. 

When  a  photon  Is  absorbed  by  a  material  body,  its  energy  Is  used 
to  Increase  the  energy  of  one  of  the  electrons  of  an  atom,  and  can  be 
absorbed  only  as  a  whole  In  this  process.  If  the  photon's  energy  Is 
less  than  the  energy  required  to  promote  an  electron  to  a  higher  energy 
level,  the  photon  Is  scattered  without  a  change  In  Its  energy.  If  the 
photon's  energy  Is  sufficiently  large,  however,  the  electron  may  Jiunp 
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to  a  higher  energy  level  or  break  away  from  the  atom  on  absorbing  It. 

The  so-called  photolonlzatlon,  as  a  result  of  which  a  positive  Ion 
and  a  free  electron  form  and  the  photon  disappears  after  giving  up  Its 
energy,  occurs  In  the  latter  case.  On  the  other  hand.  If  the  electron 
passes  from  a  higher  to  a  lower  energy  level,  the  atom  emits  a  quantum 
of  luminous  energy  (a  photon)  Into  space. 

Thus,  according  to  the  quantum  theory,  the  emission  and  absorp¬ 
tion  of  luminous  energy  by  matter  are  discontinuous  (discrete)  In  nasr.  .. 
ture,  l.e.,  can  take  place  only  In  finite  portions  (quanta,  photons). 
Here,  this  emission  also  possesses  wave  properties  together  with  Its 
corpuscular  properties,  by  virtue  of  which  a  definite  frequency  or 
wavelength  Is  assigned  to  each  quantum.  This  Is  a  manifestation  of  the 
dual  nature  of  light.  This  duality  In  the  science  of  light  Is  upheld 
by  quantum  mechanics,  which.  In  studying  the  laws  of  movement  and 
Interaction  of  particles  of  atomic  dimensions  which  possess  little  • 
mass,  has  established  their  corpuscular  and  wave  properties  as  well 
as  the. discontinuity  of  their  Interaction. 

14-2.  CLASSIFICATION  OP  PHOTOELECTRONIC  DEVICES. 

The  phenomena  which  vinfold  In  the  Interaction  of  light,  or  radiant 
energy  In  general,  with  bodies  and  are  accon^janled  by  the  transforma¬ 
tion  of  luminous  (radiant)  Into  electrical  energy  are  commonly  called 
the  photoelectric  effect  or,  briefly,  the  photoeffect.  Three  forms  of 
the  photoeffect  are  known  at  the  present  time ; 

1.  Hie  extrinsic  photoeffect  for  photoelectron  emission.  In  which 
electrons  are  torn  from  the  stirfaces  of  bodies  under  the  Influence  of 
light. 

2.  The  Intrinsic  photoeffect.  In  which  the  conductivity  of  semi¬ 
conductors  and  dielectrics  changes  under  the  Influence  of  light  due  to 


the  appearance  of  additional  free  electrons  (conduction  electrons)  In¬ 
side  the  semiconductor. 

3.  The  photovoltaic  effect.  In  whlhh  an  emf  arises  under  the  In¬ 
fluence  of  light  falling  on  the  boundary  between  a  metal  and  a  light- 
sensitive  semiconductor,  leading  to  the  appearance  of,  or  a  change  In,  a 
current  In  an  external  circuit. 

Devices  In  which  the  photoelectric  effect  Is  utilized  have  come  to 
be  known  as  photocells.  In  accordance  with  the  forms  of  the  photoeffect 
listed  above,  photocells  are  divided  Into  three  basic  groups:  l)  photo¬ 
cells  with  extrinsic  photoeffect;  2)  photocells  with  Intrinsic  photo - 
effect  (photoresistors);  3)  photocells  with  photovoltaic  effect  (photo¬ 
voltaic  cells).  Photocells  with  extrinsic  photoeffect  are.  In  turn, 
classed  as  vacuum  and  gas -filled  types  (the  latter  are  considered  In 
the  course  on  Ionic  devices;  photoresistors  and  photovoltaic  cells  are 
treated  In  Chapter  Seventeen). 

In  addition  to  photocells,  there  are  great  numbers  of  more  conqilex 
devices  In  which  other  phenomena  are  used  together  with  the  photoeffect. 
These  Include:  l)  multiplier  tubes  (PEU*),  In  which  photoelectronlc  and 
secondary -electron  emission  and  electron-optical  phenomena  are  used; 

2)  electron-optical  transducers  (EOP**),  In  which  photoelectronlc  emis¬ 
sion,  electron-optical  phenomena,  and  luminescence  phenomena  are  used; 

3)  Iconoscopes,  In  which  photoelectren  emission  and  electron-optical 
phenomena  are  used  (electron -optical  transducers  and  Iconoscopes  are 
considered  In  the  following  chapter). 

Ihe  above  types  of  photoelectronlc  devices  are.  In  turn,  subdivided 
In  accordance  with  their  design  makeup  or  In  accordance  with  the  type  of 


*  -  JEU  -  Potoelektronnyy  Uinnozhltel'  -  Photomultiplier.  ] 

♦♦pon  -  EOP  -  Elekti*onno-Optlcheskly  Preobrazovatel '  -  Electron- 
Optical  Transducer.  ] 
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photocathode  used. 


14-3.  PHOTOCATHODES. 

Photocells  with  Intrinsic  photoeffect  differ  from  other  types  of 
photocells  In  possessing  light-sensitive  cathodes  (photocathodes)  which 
emit  streams  of  free  electrons  when  acted  upon  by  light.  Simple  metallic 
cathodes  have  limited  applications  In  photocells  because  they  do  not 
provide  sufficiently  strong  electron  emission.  They  are  used,  for  exam¬ 
ple,  In  the  manufacture  of  devices  which  are  sensitive  In  the  ultravio¬ 
let  region  but  virtually  Insensitive  In  the  visible  region  of  the 
spectrum.  The  so-called  composite  photocathodes,  which  have  a  con^jlex- 
structured  photosensitive  layer  formed  either  on  the  Inside  wall  of 
the  glass  bulb  or  on  a  special  metallic  electrode  (base  layer)  Inside 
the  biilb,  possess  considerably  higher  photoeledtronlc  emlsslvltles. 

Tlie  most  widely  used  con5)oslte  photocathodes  are  the  oxygen- 
cesium,  antimony-cesium,  blsmuth-sllver-ceslum,  and  multi -alkali  photo¬ 
cathodes. 

1.  Oxygen -cesium  photocathodes.  Cathodes  of  this  type,  which  are 
also  known  as  oxygen-sllver-ceslum  cathodes,  have  a  silver  base  layer, 
which  Is  deposited  on  part  of  the  Inside  surface  of  the  glass  bulb  and 
oxidized  by  electric  discharge  In  oxygen.  In  order  to  sensitize  the 
layer,  cesium  vapor  Is  IntiToduced  into  the  tube  and  reduces  the  silver 
oxide  on  contact  with  the  oxidized  film,  thus  forming  a  ceslum-oxlde 
film;  some  of  the  ceslxim  Is  deposited  in  pure  form  on  the  cesl\m-oxlde 
layer.  Such  a  photocathode  has  Its  highest  photoelectron  emission  when 
a  monatomic  ceslvun  layer  has  been  formed  on  Its  surface.  On  the  other 
hand,  however,  as  the  thickness  of  this  layer  Increases,  the  work 
function  Increases  and  the  photoelectron  emission  falls  off. 

Ilie  stinicture  of  the  oxygen-cesium  photocathode  Is  represented 


Bchematlcally  in  Pig.  14-1.  It  should  be  noted  that  a  well -activated 
cathode  should  not  have  an  AggO  Interlayer. 
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Pig.  l4-l.  Structure  of 
oxygen-cesium  photocathode. 

l)  aiass. 


Oxygen-cesium  photocathodes  are  utilized  in  photocells  of  types 
TsV-l,  TsV-3,  and  TbV-6.  * 

2.  Antimony-cesium  photocathodes.  In  the  manufacture  of  antimony- 
cesium  photocathodes,  the  antimony  is  deposited  on  part  of  the  Inside 
surface  of  the  glass  bulb  by  evaporation  from  a  nickel  or  tungsten  wire 
heated  by  an  electric  current.  The  thin  film  of  antimony  that  forms  on 
the  glass  Is  treated  with  cesium  vapor  until  the  photocurrent  maximum 
Is  obtained.  In  order  to  Increase  the  photoelectron  emission,  the  cathode 
Is  usually  lightly  oxidized.  Marked  oxidation,  however,  results  In  de¬ 
creased  emission. 

Antimony -cesium  photocathodes  have  a  number  of  advantages  over 
oxygen-cesium  photocathodes.  First  of  all,  they  possess  high  qTiantum 
efficiencies,  running  up  to  25  per  cent;  the  quantum  efficiency  of  an 
oxygen -ceslxun  photocathode  reaches  only  2-3  per  cent,  while  that  of 
purely  metallic  photocathodes  Is  approximately  0.1  per  cent.  In  addi¬ 
tion,  antlmony-ceslvim  photocathodes  are  more  resistant  to  teiiq;>erature 
fluctiiatlons  than  oxygen-cesium  photocathodes. 

Antimony-cesium  cathodes  are  utilized  In  photocells  of  types 
STsV-3,  STsV-4,  STsV-51,  etc.  (STsV  stands  for  antimony  [Sur'ma]- 
ceslum  vacuvun). 


♦  [UB  -  TsV  -  tsezlyevly,  vakuionnyy  -  cesium,  vacuum.  ] 


3.  Blsmuth~sllver-ceslum  photocathodes.  In  the  manufacture  of 


cathodes  of  this  type,  a  thin  layer  of  bismuth  Is  applied  to  a  region 
on  the  Inside  surface  of  the  glass  bulb  by  spraying  and  subsequently 
oxidized  by  electric  discharge  In  oxygen,  with  an  Increase  In  trans¬ 
parency.  Then  silver  Is  sprayed  on  over  the  lightly  oxidized  bismuth 
layer.  The  layer  of  silver  formed  over  the  oxidized  bismuth  on  the 
Inside  surface  of  the  bulb  Is  subjected  to  further  treatment  with 
cesium  vapor.  The  cesium  dose  Is  adjusted  during  the  pi*ocess  of  sensi¬ 
tizing  by  appropriate  heat  treatment  of  the  cathode  until  the  photocur¬ 
rent  maximum  Is  reached;  In  this  process,  excess  cesium  Is  removed. 

As  coii5)ared  to  antimony -cesium  photocathodes,  blsmuth-sllver- 
cesltun  photocathodes  are  light-sensitive  not  only  to  those  wavelengths 
to  which  the  antimony -cesium  photocathodes  respond  (4,000-7,000  A),  but 
also  to  longer  wavelengths  (from  4,000  to  8,000  A),  although  their 
sensitivity  In  the  region  from  4,000  to  6,000  A  Is  somewhat  lower  than 
that  of  the  antimony -cesium  photocathode. 

4.  Multi -alkali  photocathodes.  Multi -alkali  photocathodes  are  pre¬ 
pared  by  appropriate  treatment  of  a  thin  layer  of  antimony  with  potassi¬ 
um,  sodium  and  cesium  vapors.  The  basic  advantage  of  these  photocathodes 
over  the  con^joslte  photocathodes  described  earlier  Is  their  high  sensi¬ 
tivity  (IOO-I90  y^a/lumen)  In  the  long-wave  region  of  the  spectrum, 
coupled  with  relatively  low  dark  currents  (multi -alkali  effect).  The 
spectral -response  region  of  the  multi -alkali  photocathode  Is  4,000- 
8,500  A. 

14-4.  PHOTOELEMENTS  WITH  EXTRINSIC  PHOTOEPPECT. 

1.  Physical  design. 

The  basic  physical  design  of  a  photocell  with  extrinsic  photo - 
effect  Is  shown  schematically  In  Pig.  l4-2.  The  photo cathode  k  Is  part 
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of  the  Inside  surface  of  the  glass  bulb  b  to  which  a  light-sensitive 
layer  has  been  applied.  A  metallic  lead  jc  Is  run  through  the  wall  of 
the  bulb  from  the  photocathode.  The  part  of  the  bulb  opposite  the 
photocathode  Is  transparent  and  serves  as  the  window  (optical  Input) 
of  the  photocell,  through  which  the  luminous  flux  falls  on  the  cathode. 

A  plate  a,  the  distance  and  shape  of  which  are  so  selected  that  It  will 
Interfere  only  slightly  with  the  Incidence  of  the  luminous  flux  onto 
the  photocathode  and  at  the  same  time  act  as  a  sufficiently  good  elec¬ 
tron  collector.  Is  located  Inside  the  bulb.  Usually,  the  plate  takes 
the  form  of  a  ring,  a  screen,  or  a  frame  and  Is  located  either  In  the 
center  of  the  tube  or  slightly  below  It. 

If  the  photocathode  Is  connected  to  the  negative  pole  of  the 
source  and  the  plate  to  the  positive  pole,  the  cathode  will  begin  to 
emit  electrons  when  It  Is  Illuminated  In  the  presence  of  a  high  vacuum; 
moving  toward  the  plate  In  the  accelerating  field,  these  electrons  set 
up  In  the  external  circuit  a  weak  electric  current  which  varies  In  pro¬ 
portion  to  the  liimlnouB  flux.  This  current  can  be  detected  by  the  sensi¬ 
tive  galvanometer  G  connected  Into  the  circuit. 

The  basic  element  of  the  photocell  with  extrinsic  photoeffect  Is 
the  photocathode,  the  quality  of  which  predetermines  the  properties  of 
the  photocell. 

In  photocells  with  oxygen-cesium  photocathodes,  the  plate  Is  most 
often  made  In  the  form  of  a  small  ring  located  symmetrically  with  re¬ 
spect  to  the  cathode  at  the  center  of  the  bulb,  or  In  the  form  of  a 
frame  which  surrounds  the  cathode.  In  this  design,  the  plate  does  not 
Interfere  with  the  Incidence  of  light  onto  the  photocathode. 

In  order  to  Increase  the  Insulation  resistance  and  thereby  decrease 
the  leakage  currents  across  the  outside  surface  of  the  bulb,  some  types 
of  photocells  are  given  only  one  support,  to  which  the  lead  from  the 


cathode  or  the  plate  is  connected. 


Pig.  l4-2.  Schematic  diagram 
of  physical  design  and  wiring 
of  photoelement  with  extrinsic 
photoeffect. 

a  —  Plate;  b  —  glass  bulb; 
c  —  cathode  lead;  0  -  galvano¬ 
meter;  k  —  cathode;  R  —  load 
resistance.  “ 

In  photoelements  with  antimony-cesium  photocathodes,  the  plate  need 
not  be  located  In  the  center,  since  the  antimony  Is  oxidized  not  by 
electrical  discharge  In  oxygen,  but  by  gradual  treatment  of  the  SbCs^ 

*  layer  with  small  portions  of  oxygen  during  continuous  evacuation  of  the 

photoelement.  In  order  not  to  prevent  the  light  passing  through  the 
photocell  window  from  striking  the  cathode,  the  plate  of  this  type  of 
photocell  Is,  as  a  rule,  shifted  downward. 

In  addition  to  the  above  types  of  photocells,  there  are  other 
"double -plate "  photocells  which  differ  from  the  normal  type  In  possessing 
a  second  plate.  Such  photocells  are  designed  for  work  In  special  bridge 
circuits.  The  double-plate  STsV-2A  photocell  with  antlmony-caslum  cath¬ 
ode  may  serve  as  an  example  of  this  type  of  photocell. 

In  order  to  Increase  the  sensitivity  to  light  of  shorter  wave¬ 
lengths,  which  Is  absorbed  by  ordinary  glass,  some  photocell  types  are 
made  with  special  (uvlol)  glass,  which  passes  light  of  shorter  wave¬ 
lengths.  The  phototube  window  Is  made  thinner  for  this  purpose.  In  some 

( 

cases,  a  window  of  thin  uvlol  glass  Is  sealed  Into  a  bulb  of  ordinary 
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glass.  The  type  STsV-6  photoelement  may  serve  as  an  example  of  a  uvlol- 
bulb  photoelement. 

2.  Characteristics  and  parsuneters. 

The  proportionality  factor  k  which  appears  In  Eq.  (14-3)  Is  known 
as  the  sensitivity  or  Integral  efficiency  of  the  photocell  and  char¬ 
acterizes  the  ability  of  the  photocell  to  react  to  a  luminous  flux  of 
the  full  spectral  composition  (white  light).  However,  photocathodes 
respond  differently  to  oscillations  of  different  frequencies.  For  this 
reason.  In  addition  to  the  Integral  efficiency,  l.e.,  the  photosensi¬ 
tivity  to  the  entire  spectrum  from  the  ultraviolet  to  the  Infrared,  we 
distinguish  the  sensitivities  of  a  photocell  to  light  of  one  and  only 
one  wavelength  (so-called  monochromatic  radiation),  which  Is  known  as 
Its  spectral  sensitivity. 

The  differences  In  the  sensitivities  of  photocells  to  radiation  of 
different  wavelengths  may  be  accounted  for  first,  by  the  fact  that  the 
energy  of  the  quantum  Increases  with  Increasing  frequency  of  the  radia¬ 
tion,  so  that  electrons  which  possessed  small  energies  before  acquiring 
the  energy  of  a  quantiim  may  leave  the  cathode,  while  close  to  the  photo 
electric  threshold  only  those  electrons  which  had  energies  close  to 
the  maximum  can  leave.  For  this  reason,  sensitivity  generally  de¬ 
creases  In  all  types  of  photocathodes  with  Increasing  wavelength  of  the 
Incident  light.  Secondly,  certain  photocathodes  may  possess  one  or 
several  sensitivity  maxima,  even  at  not  particularly  high  frequencies. 
This  Is  because  these  photocathodes  have  energy  states  of  their  elec¬ 
trons  such  that  the  transfer  probability  for  the  energy  of  the  quanta 
Is  greatest  at  the  specific  energy  values  of  these  quanta.  As  a  result, 
one  and  the  same  photocathode,  not  to  mention  different  types  of  photo - 
cathodes,  gives  one  photoelectron-emlsslon  value  when  Illuminated  by 
light  of  one  wavelength  and  another  when  It  Is  Illuminated  by  light  of 


another  wavelength. 

The  diagram  of  spectral  sensitivity  as  a  function  of  the  wave¬ 
length  or  frequency  of  the  light  incident  on  the  cathode  is  usually 
known  as  the  spectral  characteristic  or  spectral -sensitivity  distribu¬ 
tion  of  the  photocathode.  Typical  spectral  sensitivity  distributions  of 
oxygen-cesium  and  antimony-cesium  photocathodes  are  shown  in  Pig.  14-3# 
where  the  values  of  the  wavelengths  of  light  in  Angstrom  units  are 
plotted  against  the  X  axis  and  the  ratio  of  the  sensitivity  at  a  given 
wavelength  to  the  maximum  sensitivity  in  the  visible  or  near-infrared 
region  of  the  spectrum  is  plotted  against  the  Y  axis  as  a  function  of 
the  type  of  photocathode  used  in  the  photocell.  These  curves  show  that 
photocells  with  antimony -cesium  photocathodes  possess  their  highest 
sensitivities  at  X  »  4,500  A,  l.e.,  in  the  green  and  blue  regions. 
However,  at  wavelengths  of  6,500  A  and  higher,  l.e. ,  in  the  red  region, 
photocells  with  antimony-cesium  photocathodes  have,  for  all  practical 
purposes,  zero  sensitivities.  On  the  other  hand,  photocells  with  oxygen- 
cesium  photocathodes  possess  their  highest  sensitivities  at  X  ^  7#500- 
8,500  A,  l.e.,  in  the  red  region,  and  at  X  »  3#500  A,  l.e.,  in  the  violet 
region.  Thus,  practical  utilization  of  any  photocell  requires  knowledge 
of  its  spectral  characteristic  and  the  use  of  light  of  that  spectral 
con5)osltlon  which  gives  rise  to  the  greatest  photoelectron  emission. 

The  spectral  characteristic  of  a  photocell  with  an  antimony -cesium 
photocathode  in  a  uvlol  glass  bulb  is  shown  in  Pig.  l4-4.  This  charac¬ 
teristic  shows  that  a  uvlol  glass  bulb  permits  extending  the  spectral 
sensitivity  region  of  the  antimony -cesium  photocell  from  4,000  to 
approximately  2,000  A. 

Apart  from  the  spectral  characteristic,  the  so-called  light  char¬ 
acteristic  of  a  photocell,  which  expresses  the  photoelectron  emission 
as  a  function  of  the  lumlnous-flxuc  intensity  at  a  steady  plate  voltage 


t 


i 


the  magnitude  of  which  must  correspond  to  the  saturation  mode.  Is  of 
great  practical  significance.  It  follows  from  the  equation  1  *  =  kP 
that  the  light  characteristic  Is  a  straight  line  proceeding  from  the 
coordinate  origin.  Such  characteristics  are  shown  In  Pig.  14-5  for 
oxygen-cesium  and  antimony -cesium  photocells. 

The  equation  1  =  kP  Is  valid  for  photoelectron  emission,  but  the 

linearity  of  the  light  characteristic  Is  disturbed  when  other  types  of 
emission  occur.  Thus,  for  example,  antlmony-cesltim  (with  metallic  base 
layer)  and  oxygen-cesium  photocells  have  linear  light  characteristics, 
while  antimony-cesium  photocells  without  metallic  cathode  base  layers 
have  light  charactei*lstlcs  whose  linearity  Is  maintained  only  for 
small  lioml  nous -flux  values;  for  large  liomlnous  fluxes,  however,  linear¬ 
ity  Is  violated  (Plg.  14-6).  This  Is  accounted  for  by  the  fact  that  an 


Pig.  14-3.  Spectral  charac¬ 
teristic  of  oxygen-cesium 
(1)  and  antimony -cesium  (2) 
photocells. 


Pig.  l4-4.  Spectral  charac¬ 
teristic  of  STsV-6  photocell 
In  uvlol  glass  bulb. 


antimony -cesium  photocathode  without  a  metallic  base  layer  has  a  high 
resistance,  and  when  strong  photoelectron  emission  currents  due  to 
high  luminous  fluxes  pass  through  the  cathode,  a  large  voltage  drop  Is 
set  up  between  regions  of  the  photocathode  adjacent  to  the  photocathode 
lead-in  and  regions  remote  from  the  lead-in.  Consequently,  regions  re¬ 
mote  from  the  cathode  are  at  higher  positive  potentials  than  are  regions 


*  ^^a  “  ^a  "  ^anod  “  Opiate' ^ 
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adjacent  to  the  lead.  The  farther  a  region  is  from  the  attachment  of 
the  lead,  the  higher  will  Its  positive  potential  be.  For  this  reason, 
a  certain  fraction  of  the  electrons  leaving  regions  adjacent  to  the  lead 


of  vacuum  photocells, 
l)  Oxygen-cesium:  2)  antimony- 
cesium;  3)  /ta;  4)  lumens. 

In  response  to  lllxml nation  may  move  not  to  the  plate,  but  to  regions 
of  the  cathode  distant  from  the  lead  and  produce  secondary-electron 
emission  from  these  regions  by  their  bombardment.  Consequently,  the 


Pig.  l4-6.  Light  characteristics, 
l)  Antimony-cesium  photocell  with 
metallic  base  layer,  and  oxygen- 
cesium  photocell;  2)  antimony- 
cesium  photocell  without  metallic 
base  layer;  3)  >ia;  4)  lumens. 

plate  current  will  rise  In  this  case  not  only  as  a  resvilt  of  Increased 
photoelectron  emission  brought  about  by  Increased  Itunlnous  fl\ix,  but 
also  as  a  result  of  the  ever-lncreaslng  secondary-electron  emission. 

As  a  result,  the  linearity  of  the  light  characteristic  will  be  dis¬ 
turbed  at  high  luminous  fluxes.  Deviations  from  linearity  may  also  be 
brought  about  by  the  presence  of  a  space  charge  or  by  Ionization  of 
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residual  gases. 

Linearity  of  the  light  characteristic  ensures  undlstorted  repro¬ 
duction  of  the  variation  of  the  luminous  flux  In  the  variation  of  the 
electric  current.  For  this  reason^  photocells  with  linear  characteris¬ 
tics  are  used  for  undlstorted  reproduction  of  the  luminous -flux  varia¬ 
tion,  or  we  work  with  luminous-flux  values  corresponding  to  the  linear 
region  of  light  characteristic  (for  example,  the  region  Oa  of  Fig. 

14-6). 

The  light -characteristic  nonlinearity  sometimes  observed  at  high 
luminous  fluxes  In  vacuum  photocells  with  oxygen-cesium  photocathodes 
Is  accounted  for  by  the  fatigue  effect,  which  consists  In  a  decline  In 
the  sensitivity  of  the  photocell  In  the  course  of  operation  (especially 
when  It  Is  under  continuous  Illumination).  If,  however,  the  photocell's 
cathode  Is  made  of  pure,  thoroughly  outgassed  metal,  low  fatigue  effect 
Is  observed. 


Pig.  l4-7.  Volt -ampere  char¬ 
acteristic  of  vacuxan  photo¬ 
cell  at  different  Ivunlnous- 
fl\ix  values  (F^  >  ^2  ^ 

l)  fJSi.;  2)  volts. 


Pig.  14-8.  Volt-an5)ere  char¬ 
acteristic  of  antimony-cesium 
vacuum  photocell  without  metal¬ 
lic  base  layer  for  different 
luminous-flux  values, 
l)  /i&i  2)  volts. 


Tto  select  the  operating  mode.  It  Is  necessary  to  know  the  volt- 
ampere  characteid.stlc  of  the  photocell,  which  Is  a  diagram  of  the  photo¬ 
electron  current  as  a  function  of  plate  voltage  at  constant  luminous 


flux.  The  volt-ampere  characteristics  of  antimony -cesium  vacuum-type 
photocells  (with  metallic  cathode  base  layers)  and  oxygen-cesium  photo- 


cells,  which  express  the  photoelectron  current  qualitatively  as  a 
function  of  plate  voltage,  are  shown  In  their  general  form  In  RLg.  14-7 
for  three  luminous -flux  values.  The  characteristics  show  that  the  photo¬ 
current  first  Increases  with  Increasing  plate  voltage,  but  then  moves 
Into  a  saturation  region  and  does  not  change  with  further  Increases  In 
plate  voltage.  The  magnitude  of  the  saturation  current  depends  on  that 
of  the  luminous  flux.  The  larger  the  luminous  flux,  the  higher  will  be 
the  saturation  current,  and  the  higher  the  plate  voltage  at  which  It 
will  stabilize.  The  magnitude  of  the  saturation  plate  voltage  depends. 

In  turn,  on  the  design  of  the  photocell  and  on  the  Intensity  of  the 
Illumination  Incident  upon  the  photocathode  surface. 

As  the  volt-ampere  characteristics  show,  the  operating  voltages  of 
vacuum  photocells  can  be  varied  over  wide  ranges  corresponding  to  the 
saturation  region,  especially  when  they  are  working  at  low  luminous 
flvixes. 

At  small  luminous  fluxes,  when  secondary  electron  emission  from 
the  remote  regions  of  the  cathode  has  not  yet  begun,  the  volt -ampere 
characteristics  of  antlmony-ceslvun  photocells  without  metallic  cathode 
base  layers  take  the  same  form  as  the  characteristics  described  above 
for  photocells  with  metallic  cathode  base  layers  (curve  1,  Fig.  l4-8). 


Pig.  l4-9.  Volt -ampere  character¬ 
istics  of  types  STsV-3,  STsV-4,  and 
STsV-51  antimony -cesium  vacu\an  photo 
cells. 

l)  yua;  2)  Imnensj  3)  volts. 


At  high  luminous  fluxes,  however,  the  photoelectron -emission  current 
Increases  continuously  with  plate  voltage  because  of  secondary -elec-  < 

tron  emission  from  remote  regions  of  the  cathode  and  does  not  enter  a 
saturation  region  (curve  2,  Pig.  l4-8). 

The  volt-ampere  characteristics  of  types  STsV-3,  STsV-4,  and 
STsV-51  antimony-cesium  photocells,  which  express  plate  current  quali¬ 
tatively  and  quantitatively  as  a  function  of  plate  voltage,  are  pre¬ 
sented  In  Pig.  14-9  for  three  different  luminous -flux  values.  These 
characteristics  are  typical  for  all  three  photocell  types. 

Since  the  plate  current  follows  luminous -fliix  variations  almost 
Instantly  as  a  result  of  the  small  mass  of  the  electrons,  vacuum  photo¬ 
cells  are  fast -responding  devices.  It  has  been  established  experimental - 

-Q 

ly  that  photocurrent  changes  follow  no  later  than  10  ^  sec  after  lumln- 
ous-flvix  changes  In  vacuum  phototubes.  Por  this  reason,  the  sensitivity 
(or  photocurrent)  of  vacuum  photocells  of  all  types  remains  the  same 
for  fast  Iximlnous-fliix  variations  as  at  steady  luminous  fluxes,  l.e. , 

Is  virtually  Independent  of  the  frequency  of  variation  (modulation)  of 
the  luminous  flux. 

Knowledge  of  their  parameters  Is  sufficient  for  determination  of 
the  operating -mode  properties  of  photocells;  these  Include  the  minimum 
Initial  sensitivity,  the  maximum  dark  current,  which  flows  In  the  cell 
In  total  darkness,  and  the  operating  voltage.  The  sensitivities  after 
continuous  operation  over  their  service  lives  are  also  given  for  certain 
types  of  photocells. 

The  basic  parameters  of  vacuvun  photocells  are  given  In  Table  14-1. 

In  measuring  the  parameters  of  vacuum  photocells  with  extrinsic 
photoeffect,  the  nominal  voltage  (240  v)  Is  applied  to  the  photocell. 

An  Incandescent  lamp  with  a  tungsten  filament  and  a  color  temperature 
of  2,848°  K  Is  used  as  the  light  source.  A  load  resistance  R  =  200  kohm 
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TABLE  14-1. 

Basic  parameters  of  vacuiom  photocells. 
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0 
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Ree  aHa4eMiie  ayacTSH* 
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UB-I 
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20 

6000-11000 

110-» 

He  HopMHpyeTCii  i 

UB-2 

240 

20 

6000—11  000 

MO-’ 

UB-3 

240 

20 

6  000—11  000 

110-* 

CUB-3 

240 

60 

3800—7000 

110-* 

60  npH  0,005  JIM 

CUB-4 

240 

80 

3800—7000 

110-’ 

60  npH  0,01  AM 

CUB-51 

240 

80 

3800—7000 

110-* 

60  npH  0,05  AM 

CUB-6 

30 

60 

2  150-7000 

510-" 

He  HopiiHpyeTca  < 

1)  T^e  of  photocell;  2)  operating  voltage, 
v:  3)  mlnlmiim  initial  sensitivity,  >ia/lumen; 
4)  spectral  region.  A;  5)  maximum  dark  cur¬ 
rent,  amp;  6)  minimum  average  sensitivity 
after  1000  hours  of  continuous  operation, 
Ma/liomen;  7)  TsV-1;  8)  TsV-2;  9  )  TsV-3; 
lO)  STsV-3;  11)  STsV-4;  12)  STsV-51; 

13)  STsV-6;  l4)  not  standardized;  15)  60  at 
0.005  Ivimen;  16)  60  at  0.01  lumen;  if)  60  at 
0.  05  liimen. 


is  connected  into  the  photocell  circuit.  The  magnitude  of  the  limlnous 
fliix  incident  on  the  cathode  of  the  photocell  must  be  between  0.  002  and 
0. 05  lumen,  while  the  area  of  the  circular  diaphragm  aperture  is  made 
to  conform  with  the  data  of  Table  l4-2. 

The  photocell  must  be  con5)letely  darkened  for  dark-current  measure 
ments. 

A  serious  photocell  defect  is  the  so-called  noise  which  arises 
when  the  current  in  the  photocell  circuit  deviates  from  an  average 
value,  l.e.,  on  current  fluctuations  brought  about,  for  example,  by 
fluctuations  in  photoelectron  emission  (shot  effect),  fluctuations  in 
the  light  source,  thermal  fluctuations  in  the  load  resistance,  and  by 
changes  in  the  contact  resistance  between  the  lead-in  and  the  photo¬ 
cathode.  The  noise  is  most  pronounced  at  high  photocurrent  gains,  when 
the  fluctuations  are  amplified  together  with  the  photocurrent  and  be¬ 
come  audible  as  Interference  at  the  amplifier  output.  Admittedly,  this 
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noise  Is  virtually  Imperceptible  In  vacuum  photocells  when  the  photo - 
current  amplification  Is  small. 


TABLE  14-2. 


(J)  Thiim 
4)0T03.ie* 
MCHTOa 

rKioiimAi,  Kpyr.10- 
2)  ro  oTHcpcTim 
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HB-I 

10 

IUB-4 

5 

ICUB-4 

5 

'CUB-3 

2.5 

'UB-3 

2,5 

CUB-51 

3,14 

l)  Photocell  type;  2)  area  of 

2 

round  diaphragm  aperture,  cm  ; 

3)  TsV-1;  4)  TbV-4;  5)  STsV-4; 

6)  ST8V-3;  7)  TsV-3;  8)  STsV-51. 

Moreover,  the  photoelectron  emission  declines  noticeably  In  the 
course  of  prolonged  operation  Irrespective  of  the  photocathode  type 
used,  and  Is  restored  only  partially  after  operation  Is  suspended 
(fatigue  effect).  Pull  restoration  of  photoelectron  emission  usually 
does  not  occur. 

The  fatigue  effect  Is  considerably  less  pronounced  In  photocells 
with  antimony-cesium  photocathodes  than  In  photocells  with  oxygen- 
cesium  photocathodes  (Plg.  14-13). 

14-5.  PHOTOMULTIPLIERS,  THEIR  PARAMETERS  AND  CHARACTERISTICS. 

The  sensitivities  of  the  extrinsic -photoeffect  photocells  considered 
above  are  very  low,  averaging  a  few  tens  of  microamperes  per  lumen. 

In  practice,  however,  luminous  fluxes  running  to  tenths,  hundredths, 
or  even  thousandths  of  a  lumen  are  frequently  used.  The  operating  cur¬ 
rents  of  the  photocells  naturally  amount  to  microamperes  or  fractions 
of  a  microampere  at  such  small  luminous  fluxes.  Practical  utilization 
of  such  small  currents  requires  preampllflca'tlon  by  means  of  rather 
ciunbersome  multiple-tube  amplifier  circuits. 
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In  193'^^  L.  A.  Kubetskiy  suggested,  that  the  photocurrent  be  multi¬ 
plied  not  by  a  separate  tube  amplifier,  but  inside  the  photocell  Itself, 
utilizing  the  phenomenon  of  secondary  electron  emission  for  this  purpose. 
Such  photocells  have  come  to  be  known  as  photomultipliers. 

At  the  present  time,  the  Industry  is  producing  two  types  of  photo¬ 
multipliers:  single-stage  designs  Intended  for  comparatively  small 
photocurrent  amplifications,  and  multiple -stage  devices  which  produce 
considerable  amplification  of  the  photocurrent. 

A.  Single-stage  photomultipliers. 

The  single-stage  photomultiplier  is  a  vacuum  phototube  into  which 
an  additional  electrode  has  been  Introduced.  To  distinguish  it  from  the 
photocathode,  this  electrode  is  conventionally  known  as  the  emitter. 

The  photocathodes  and  emitters  of  types  PEU-1  and  PEU-2  single-stage 
photomultipliers  are  manufactured  in  the  same  way  and  consequently  have 
identical  properties.  As  regards  their  functions,  however,  they  differ 
essentially:  the  cathode  serves  as  the  photoelectron  (primary -electron) 
source,  while  the  emitter  is  a  secondary  electron  source. 

The  basic  working  principle  and  a  schematic  circuit  diagram  of  a 
single-stage  photomultiplier  are  given  in  Fig.  14-10.  Some  of  the 
primary  electrons  emitted  by  the  photocathode  k  under  the  Influence  of 
the  luminous  flux  P  are  accelerated  by  the  electric  field  and  strike  the 
plate  a,  creating  in  its  circuit  a  primary -electron  current  which  can 
be  measured  by  the  galvanometer  G^.  Other  accelerated  primary  electrons 
pass  through  the  screen-type  plate,  striking  the  emitter  e  at  high 
velocity  and  dislodging  secondary  electrons  from  it.  The  secondary 
electrons  that  leave  the  emitter  are  accelerated  by  the  plate's  elec¬ 
tric  field  and,  striking  the  plate,  set  up  a  current  Ig  (secondary- 
electron  current)  in  its  circuit.  This  current  can  be  measured  with  the 
galvanometer  Gg.  The  galvanometer  G  in  the  plate  circuit  measures  a 
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total  current  which  is  equal  to  the  sum  of  the  currents  and  and 
which  exceeds  in  magnitude  the  total  primary  electron  current.  Thus,  a 
phototube  with  an  additional  electrode  (the  emitter)  amplifies  ("multi¬ 
plies")  the  photocurrent  in  and  by  Itself.  The  term  "photomultiplier" 
grew  out  of  this  circumstance. 

The  general  appearance  of  the  two  single-stage  photomultiplier 
types  PEU-1  and  PEU-2  appear  in  Pig.  14-11. 

The  designs  of  the  PEU-1  and  PEU-2  multipliers  are  similar  to 
those  of  the  corresponding  photocell  types.  The  cathode  and  the  emitter 
are  applied  in  the  form  of  sensitized  antimony -cesium  layers  to  the 
inside  surface  of  the  glass  bulb  at  points  approximately  opposite  one 
another;  the  plate  is  located  between  them  and,  as  in  the  antlmony- 
cesliim  photocell,  is  shifted  a  short  distance  downward. 


Pig.  14-10,  Schematic  circuit 
diagram  of  single-stage  pho¬ 
tomultiplier. 

l)  Cathode;  2)  plate;  3)  emit¬ 
ter;  4)  galvanometer  G^; 

5)  galvanometer  Gp,*  6)  galvano¬ 
meter  G. 

The  characteristics  of  single-stage  photomultipliers  are  basically 
determined  by  the  properties  of  the  photocathodes  utilized  in  them. 
Thus,  for  example,  the  spectral  characteristics  of  the  PEU-1  and  PEU-2 
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Pig.  14-11.  General  appearance 
of  single-stage  photomultipliers, 
a)  PEU-2;  b)  PEU-1. 

1)  Cathode  lead-out;  2)  cathode; 
3)  plate;  4)  emitter;  5)  emitter 
lead-out;  6)  plate  lead-out. 


multipliers^  which  have  antimony-cesium  photocathodes,  are  similar  to 
the  spectral  characteristics  of  photocells  with  antimony -cesium  photo¬ 
cathodes. 

In  addition  to  the  spectral  characteristics,  the  volt-ampere  and 
light  characteristics  of  photomultipliers  are  also  of  great  practical 
Importance.  The  total  volt-ampere  characteristic  for  the  PEU-1  and 
PEU-2,  which  expresses  the  total  luminous  sensitivity  (or  the  photo¬ 
current  corresponding  to  It)  as  a  function  of  the  multiplier's  full 
supply  voltage.  Is  given  In  Elg.  14-12.  This  characteristic  shows  that 
as  the  total  source  voltage  is  Increased,  the  photoelectron  emission 
current  rises  rapidly  at  first  and  then  more  and  more  slowly.  At  volt- 


Plg.  14-12.  Total  volt- 
ampere  characteristic  of 
FEU-1  and  FEU -2  single- 
stage  photomultipliers, 
l)  y(a;  2)  Ivunens;  3)  volts. 


Fig.  14-13.  Average  fatigue 
curves  of  photocells  and 
single-stage  FEU  photomulti¬ 
pliers  for  continuous  opera¬ 
tion. 

l)  For  oxygen-cesium  photo¬ 
cell;  2)  for  single-stage 
photomultiplier  with  antimony 
cesium  cathode;  3)  for  antl- 
mony-ceslum  photocell. 
a)  Time,  hours. 


ages  higher  than  250  v,  the  current  Increment  Is  so  small  that  the 
curve  becomes  approximately  linear.  This  is  accounted  for  by  the  fact 
that  the  velocities  of  the  primary  electrons  Increase  considerably  with 
Increasing  voltage.  Some  of  these  electrons  have  the  maximum  velocity 
and  penetrate  more  deeply  Into  the  emitter,  but,  as  we  saw  In  Chapter 
Three,  the  secondary  electrons  dislodged  by  them  from  great  depths  lose 
velocity  or  change  direction  on  the  way  toward  the  surface  and  hence  do 
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not  reach  It.  For  this  reason,  the  secondary -electron  current  begins 
to  increase  more  slowly  than  at  low  plate  voltages. 

The  light  characteristic  is  linear  in  the  range  of  luminous  fluxes 
from  0.005  to  0.02  lumen,  with  the  multiplier's  photocathode  illuminat¬ 
ed  by  an  Incandescent  electric  lamp  whose  filament  has  a  color  tempera¬ 
ture  of  2,848°  K. 

Finally,  to  determine  the  properties  of  the  FEU-1  and  FEU-2  multi¬ 
pliers,  it  is  helpful  to  know  the  curves  of  sensitivity  variation  of 
the  multipliers  during  continuous  operation.  Figure  14-13  presents  for 
comparison  the  average  sensitivity  curves  of  the  FEU-1  and  FEU-2  multi¬ 
pliers  and  photocells  with  antimony-cesium  and  oxygen-cesium  photo¬ 
cathodes  as  functions  of  the  time  for  which  they  have  been  operated. 
These  curves  show  that  the  sensitivity  of  oxygen-cesium  photocells 
drops  sha2?ply  during  their  operation.  The  sensitivity  of  photocells 
with  antimony-cesium  photocathodes  shows  a  much  smaller  decrease.  How¬ 
ever,  despite  the  fact  that  they  have  antimony-cesium  photocathodes, 
the  sensitivity  of  the  multipliers  decreases  much  more  noticeably  than 
do  the  sensitivities  of  photocells  with  antimony-cesium  photocathodes. 
This  is  accounted  for  by  the  fact  that  during  operation,  the  multiplier 
emitters  are  broken  down  more  rapidly  than  the  photocathode.  Neverthe¬ 
less,  the  sensitivity  loss  of  the  multipliers  during  operation  is  some¬ 
what  smaller  than  that  of  photocells  with  oxygen-cesium  photocathodes. 

When  photomultipliers  (or  photocells)  are  operated  intermittently, 
their  sensitivities  are  partially  (or  completely)  restored  during  the 
interruptions  in  their  work.  In  subsequent  operation,  however,  they  may 
drop  to  the  previous  values  more  quickly  than  at  the  beginning  of  oper¬ 
ation. 

This  loss  of  sensitivity  by  photomultipliers  and  photocells  during 
operation  has  come  to  be  known  as  photocell  or  multiplier  fatigue.  The 
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Fig.  l4-l4.  Schematic  circuit  dia¬ 
gram  for  study  of  photocells  and 
single-stage  FEU  (the  multipliers 
are  studied  with  and  closed 

and  the  photocells  with  closed 

and  open). 

1)  Lamp;  2)  diaphragm;  3)  switch; 
4)  RE;  5)  feu. 


fatigue  effect  should  not  be  confused  with  the  phenomenon  of  photocell 
(or  photomultiplier)  aging,  which  Is  a  sensitivity  loss  that  takes 
place  In  photocells  (multipliers)  during  storage,  whether  or  not  they 
are  llltimlnated  during  this  period. 

The  circuit  shown  In  Pig.  l4-l4  Is  used  to  determine  the  parameters 
and  characteristics  of  photocells  and  single-stage  photomultipliers. 

In  recording  the  characteristic  of  a  photomultiplier  and  measuring  its 
parameters,  only  the  total  source-voltage  changes,  while  the  distribu¬ 
tion  of  the  voltage  eunong  the  electrodes  remains  the  same. 


TABLE  14-3. 

Parameters  of  type  FEU-1  and  FEU-2  single- 
stage  antimony -cesium  photomultipliers. 
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1)  Multiplier  type;  2)  nominal  voltage  between 
plate  and  cathode,  v;  3)  nominal  voltage  be¬ 
tween  emitter  and  cathode,  v;  4)  minimum  total 
sensitivity,  /la/lumen;  5)  maximum  dark  current 
at  multiplier  output,  amp;  6)  FEU-1;  7)  PEU-2. 


The  basic  parameters  of  the  PEU-1  and  PEU-2  photomultipliers  are 
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shown  in  Table  l4-3* 

The  tabulated  data  and  the  general  appearance  of  the  photomulti¬ 
pliers  show  that  the  PEU-1  and  PEU-2  multipliers  differ  only  in  ex¬ 
ternal  design  and  have  no  basic  differences  as  regards  their  construc¬ 
tion  and  properties  (parameters  and  characteristics)  (Plg.  14-11 ).  x 

B.  Multiple -stage  photomultipliers. 

The  schematic  circuit  diagram  of  a  multiple -stage  photomultiplier 
appears  In  Pig.  14-15.  Several  electrodes  are  placed  Inside  the  glass 
bulb  from  which  the  air  has  been  eliminated:  these  are  the  photocathode 
k,  which  emits  primary  electrons  when  acted  upon  by  a  luminous  flux, 
the  plate  a,  and  several  emitters  e,  which  are  located  equidistant  from 
one  another  In  a  definite  order  between  the  cathode  and  the  plate  and 
are  secondary -electron  sources  when  bombarded  by  the  primary  electrons. 


Pig.  14-15.  Schematic  circuit 
diagram  of  multiple -stage  photo¬ 
multiplier. 

e^  to  e^  —  emitters;  a  —  plate; 
k  —  cathode. 

The  niimber  of  emitters  may  vary,  but  It  rarely  exceeds  20  In  practice. 

As  In  single-stage  multipliers,  the  photocathode  and  emitters  In  multi¬ 
ple-stage  multipliers  may  be  made  with  Identical  or  different  properties. 
In  practice,  emitters  of  different  types  are  used:  oxygen -cesium,  anti¬ 
mony-cesium,  oxygen-magneslaun,  oxygen-beryllium,  etc.  Since  the  emit¬ 
ters  (particularly  those  closer  to  the  plate)  are  under  greater  current 
loads  during  operation  of  the  multipliers  than  Is  the  photocathode, 
their  sensitive  layers  are  made  somewhat  thicker  than  the  sensitive 
layer  on  the  photocathode. 
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The  photocathodes  used  In  photomultipliers  are  the  same  as  those 
used  In  photocells,  l.e.,  are  usually  of  the  antimony -cesliam  and  oxy¬ 
gen-cesium  type. 

If  a  positive  potential  with  respect  to  the  cathode,  for  example, 

=  150  V  Is  applied  to  the  first  emitter,  and  a  potential  =  300  v 
to  the  second  emitter,  etc. ,  an  accelerating  electric  field  will  arise 
between  the  cathode  and  the  first  emitter,  between  the  first  and  second 
emitters,  etc.,  for  electrons  moving  from  the  cathode  (or  the  emitters) 
toward  the  plate.  The  potential  difference  between  each  successive  pair 
of  emitters  Is  usually  100  to  200  volts.  Acted  upon  by  a  liunlnous  flux, 
the  photocathode  emits  primary  electrons,  which  are  accelerated  by  the 
electric  field,  strike  the  first  emitter  e^  at  high  velocity,  and  dis¬ 
lodge  a  large  number  of  secondary  electrons  from  It.  Under  the  Influence 
of  the  accelerating  electric  field,  these  secondary  electrons  hit  the 
second  emitter  eg  with  respect  to  which  they  are  now  primary  electrons, 
and  dislodge  from  It  a  larger  number  of  secondary  electrons,  and  so 
forth.  Thus,  the  electrons  pass  successively  from  the  cathode  to  the 
first  emitter,  from  the  first  emitter  to  the  second,  etc. ,  with  their 
nTomber  growing  during  the  process.  Then  the  secondary  electrons  dis¬ 
lodged  from  the  last  emitter  strike  the  plate  a,  which  has  a  higher  po¬ 
tential,  and  set  up  In  the  external  circuit  a  current  which  exceeds 
the  primary  photocurrent  1q  created  by  the  cathode  under  the  influence 
of  the  iTimlnous  flux  incident  upon  It. 

The  external -circuit  (output)  current  1^  of  a  multiplier  consist¬ 
ing  of  n  stages  may  be  calculated  If  we  know  the  primary  photocurrent 
1q  (at  the  Input)  of  the  multiplier  and  the  secondary  emission  ratio  er, 
l.e.,  the  nxunber  of  secondary  electrons  dislodged  from  the  emitter  by 
the  Incidence  of  one  primary  electron.  Assuming  that  the  secondary 
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emission  ratio  is  uniform  for  all  emitters,  we  have 


*'l - 

t,=:o/,=:a(ag=3  0%; 


where  n  Is  the  niunber  of  emitters  or  stages  of  the  multiplier.  It 
follows  from  this  that  the  multiplier  gain  is  k  -  0''^  and  depends  on  the 
number  of  stages  n  In  the  multiplier  and  the  secondary  electron  emission 
ratio  CT. 

A  simple  rough  calculation  shows  that  In  the  presence  of  good 
emitters  having,  for  example,  a  secondary  emission  ratio  a=  10,  the 
gain  of  a  ten-stage  (n  =  lO)  multiplier  is  k  =(T^  =  10^^,  l.e.,  the 
primary  photocurrent  may  be  multiplied  ten  billion  times  with  a  ten- 
stage  multiplier  of  this  type.  In  practice,  however,  it  is  impossible 
to  achieve  such  amplifications.  The  reason  for  this  is  primarily  the 
fact  that  it  is  impossible  to  manufacture  a  multiple -stage  multiplier 
whose  secondary  emission  ratio  is  sufficiently  high  and  uniform  for  all 
emitters.  Furthermore,  it  is  impossible  to  direct  (focus)  all  the  elec¬ 
trons  emitted  by  a  given  intermediate  emitter  at  the  following  emitter, 
since  some  of  these  electrons  pass,  for  example,  from  the  first  to  the 
third  emitter,  by  passing  the  second,  or  from  the  next -to -last  to  the 
plate,  by  passing  the  last  emitter.  Finally,  some  of  the  electrons  are 
scattered  all  over  the  multiplier,  striking  the  wall  of  the  bulb,  the 
supports,  etc.  The  result  is  a  sharp  decline  in  the  gain  of  the  multi¬ 
plier.  In  practice,  it  is  possible  to  make  multiple -stage  multipliers 

O 

with  gains  up  to  k  =  10  . 

A  magnetic  or  electric  field  is  used  to  focus  electrons  in  multi¬ 
ple-stage  multipliers  (magnetic  or  electrostatic  focusing).  Magnetic 
focusing  is  accomplished  by  placing  the  multiplier  in  the  strong  mag- 
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netlc  field  between  the  poles  of  a  permanent  horseshoe  magnet.  When  the 
lines  of  force  of  the  magnetic  field  are  directed  perpendicular  to  the 
velocities  of  the  electrons  as  they  move  from  one  emitter  to  another, 
the  electrons,  accelerated  by  the  electric  field  and  deflected  by  the 
magnetic  field,  will  move  along  cycloidal  paths  (Plg.  14-16),  striking 
one  emitter  after  another  in  succession.  Thus,  the  electron  scattering 
is  reduced  and  the  gain  of  the  multiplier  is  Increased  considerably. 

The  necessity  of  using  cumbersome  magnets  or  electromagnets  is  a 
drawback  to  magnetic  focusing.  It  is  for  this  reason  that  photomulti¬ 
pliers  with  magnetic  focusing  have  not  found  extensive  application. 


Pig.  14-16.  Schematic  dia¬ 
gram  of  multiplier  with  mag¬ 
netic  focusing, 
k  —  cathode;  a  —  plate;  e^ 

to  e^^  —  emitters;  R  —  voltage - 

divider  resistance;  —  load 

resistance  (the  magnetic  field 
is  directed  perpendicular  to 
the  plane  of  the  drawing). 


iiii  iiii 

Fig.  14-17.  Positions  and 
shapes  of  emitters  in  multi' 
pie -stage  FEU  with  electro¬ 
static  focusing. 


Electrostatic  focusing  is  usually  achieved  by  shaping  the  emitters 
in  such  a  way  as  to  permit  an  electric  field  to  form  between  the  emit¬ 
ters  and  focus  the  electrons.  In  this  case,  the  electrons  passing  from 
one  emitter  are  focused  toward  the  next  emitter  by  the  electric  field 
acting  between  these  emitters.  The  quality  of  the  focusing  effect  de¬ 
pends  upon  the  shape  of  the  electric  field,  which,  in  turn,  is  deter¬ 
mined  by  the  shape  and  arrangement  of  the  emitters.  Emitters  that  are 
approximately  semi cylindrical  in  shape,  for  example,  and  are  positioned 
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In  a  definite  sequence  (Pig.  14-17)  have  good  focusing  properties. 

When  the  photocathode  is  of  large  size^  a  diaphragm  D  is  placed  between 
It  and  the  first  emitter  to  perform  the  function  of  an  electronic  fo¬ 
cusing  lens  for  the  stream  of  primary  electrons  moving  from  the  photo¬ 
cathode  toward  the  first  emitter.  This  shape  and  placement  of  the 
emitters  ensure  such  good  focusing  that  electrons  do  not  overshoot 
the  emitters,  even  with  large  output  currents  In  the  last  stages.  In 
addition,  the  detrimental  Influence  of  the  positive  Ions  created  near 
the  plate  by  collisions  of  electrons  with  residual  gas  molecules  Is 
minimized  In  this  multiplier  design.  In  It,  positive  Ions  moving  toward 
the  photocathode  stick  to  the  emitters  closest  to  the  plate  and,  conse¬ 
quently,  do  not  reach  the  photocathode.  In  other  design  tjrpes  In  which 
the  emitters  are  differently  shaped  or  differently  located  (for  example 
do  not  follow  one  another),  the  incidence  of  positive  Ions  on  the  photo 
cathode  brings  about  secondary  electron  emission  from  It  and  thereby 
Increases  the  dark  current. 

At  the  present  time,  there  are  a  large  number  of  different  multi¬ 
ple-stage  photomultiplier  designs  with  the  most  diverse  parameters 
and  characteristics. 

C.  The  parameters  of  multiple -stage  photomultipliers. 

The  basic  parameters  of  the  multiple -stage  photomultiplier  are  Its 
total  sensitivity,  gain,  dark  current,  photocathode  sensitivity,  and 
plate  Insulation  resistance.  The  above  multiplier  parameters  are  de¬ 
termined  by  Its  design  and  by  the  properties  of  the  photocathodes  and 
emitters  used. 

If  the  total  sensitivity  of  the  photocathode  Is  denoted  by  k^  and 
the  multiplier  gain  by  k,  the  total  sensitivity  Kq  of  the  multiplier 
may  be  given  by  the  equation 

=  (14-1) 
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The  total  sensitivity  of  the  photocathodes  used  in  photomultipliers 
is  usually  lower  than  that  of  those  used  in  photocells.  This  is  due  to 
the  fact  that  the  photocathode  and  emitters  of  photomultipliers  are 
sensitized  in  the  same  mode,  while  it  is  advisable  to  sensitize  them 
separately  to  obtain  high  sensitivity,  and  this  is  impossible  in  prac¬ 
tice. 

The  total  sensitivities  of  multiple -stage  multipliers  are  measured 
in  amperes  per  Ivunen  (or  per  watt).  It  does  not  follow  from  this,  how¬ 
ever,  that  the  multiplier's  cathode  may  be  illuminated  by  an  intense 

luminous  flux  and  large  currents  obtained  at  the  output,  since  such 
currents  may  break  down  the  output  emitters.  Multiple -stage  photomulti¬ 
pliers,  on  the  other  hand,  are  designed  for  operation  at  minimal  lumi¬ 
nous  flux.  Thus,  the  sensitivity  of  the  multiplier  may  reach  tens  of 

an^jeres  per  lumen,  but  the  greatest  attainable  output  currents  do  not 
usually  exceed  a  few  ma  or,  at  most,  tens  of  mllllamperes.  Thus,  the 
function  of  the  multiplier  does  not  consist  in  using  the  greatest  possi¬ 
ble  Ivunlnous  fluxes  to  produce  the  greatest  possible  output  currents, 
but  in  penulttlng  work  with  minimal  Ivunlnous  fluxes,  at  which  the  out¬ 
put  current  frequently  does  not  exceed  the  current  of  a  photocell. 

Photocells  with  extrinsic  photoeffects  cannot  be  used  at  extreme¬ 
ly  low  luminous  fluxes  (of  the  order  of  thousandths  or  ten  thousandths 
of  a  lumen)  because  the  photocurrent  is  too  small  at  such  fluxes  and 
effective  amplification  can  be  accon^jllshed  only  by  means  of  secondary 
electron  emission. 


where  and  denote  the  ciirrents  In  the  plate  and  cathode  circuits. 
The  gain  k  of  the  multiplier  is  given  by  Eq.  (l4-l): 


k 


In  contemporary  multiple -stage  photomultipliers,  the  gain  and 

O 

total  sensitivity  reach  values  of  10  and  thousands  of  amp/lvunen,  re¬ 
spectively,  with  total  photocathode  sensitivities  of  the  order  of  a 
few  tens  of  microamperes  per  lumen. 


TABLE  l4-4. 

Basic  parameters  and  typical  operating  modes  of  certain  types 
of  multiple -stage  photomultipliers. 
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l|  Multiplier  type;  2)  number  of  amplification  stages; 

3)  optical  Input;  4)  cathode  type;  5)  spectral  region.  A; 

6)  maixlmum  of  spectral  characteristic.  A;  7)  total  sensi¬ 
tivity  of  cathode,  /la/liunen;  8)  maxlmvun  output  current 
(constant),  /ta;  9)  t^ical  operating  modes;  lO)  voltage,  v; 

11)  sensitivity,  amp/lumen;  12)  dark  current,  amp;  13)  EEU-17; 
14)  EEU-18;  15)  PEU-19  M;  16)  PEU-20;  17 )  PEU-22;  18)  PEU-25; 
19)  side;  20)  end;  21)  antimony -cesium;  22)  same;  23)  oxygen- 
cesium. 


The  so-called  sensitivity  threshold,  i.e.,  the  smallest  luminous 
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flux  that  Is  still  measurable  or  detectable  by  the  multiplier  (or  pho¬ 
tocell)  In  question  Is  an  Important  parameter  of  multipliers  (and  pho¬ 
tocells).  If  the  luminous  flux  Is  reduced  still  further,  the  current 
that  It  produces  becomes  of  the  same  order  as  the  dark  current  and  con¬ 
sequently  cannot  be  measured  or  detected. 

The  dark  current  Itself,  that  flowing  In  the  multiplier  at  the 
operating  voltage  but  In  complete  darkness.  Is  no  less  Important  a 
parameter  of  the  multiple -stage  photomultiplier. 

The  dark  current  consists  of  the  thermionic  currents  of  the  photo¬ 
cathode  and  the  first -stage  emitters,  which  are  amplified  In  the  subse¬ 
quent  stages,  leakage  currents  across  the  Insulation  between  the  plate 
and  the  other  electrodes,  l.e.,  across  the  Inside  and  outside  surfaces 
of  the  glass  bulb  and  support,  and  currents  due  to  spontaneous  electron 
emission  and  to  Ionic  and  optical  feedback.  Positive  Ions  which  form  In 
the  plate  end  of  the  multiplier  and  move  from  the  plate  toward  the  first 
emitters  and  the  photocathode  In  the  accelerating  field  give  rise  to 
the  Ionic  feedback.  Bombarding  the  first  emitters  and  the  photocathode, 
these  Ions  bring  about  secondary  emission  of  electrons,  with  the  result 
that  the  dark  current  also  Increases.  Optical  feedback  Is  due  to  low- 
grade  lllvunlnatlon  of  the  photocathode  by  the  luminescence  of  the 
emitters  and  the  glass  of  the  bulb  —  an  effect  of  the  electrons  In  the 
plate  and  of  the  multiplier.  The  cathodic  emission  that  arises  as  a 
result  of  the  liimlnescence  also  Increases  the  dark  current.  Naturally, 
the  dark  current  limits  the  Itimlnous  sensitivity  threshold  of  multi¬ 
pliers  (and  photocells).  Thus,  for  example,  the  luminous  sensitivity 

threshold  of  multiple -stage  photomultipliers  with  oxygen-cesium  cathodes 

-9 

Is  1.4*10  ^  Ivimen,  while  the  luminous  sensitivity  threshold  of  photo- 

-12 

multipliers  with  antimony -cesium  cathodes  Is  5- 7' 10  lumen. 

The  basic  parameters  of  certain  types  of  multiple -stage  photomultl- 
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pliers  appear  In  Table  l4-4. 

D.  Characteristics  of  multiple -stage  photomultipliers. 

The  basic  characteristics  of  a  multiple-stage  photomultiplier  are 
the  gain  k  as  a  function  of  the  total  voltage  U  of  the  multiplier's 
power  source,  l.e. ,  k  =  f(U)  and  the  light-  and  volt-ampere  character¬ 
istics. 

If  the  gain  k  is  plotted  against  the  Y  axis  on  a  logarithmic 
scale,  the  functional  relationship  k  =  f(u)  may  be  represented  by  curve 
a  for  a  multiplier  with  electrostatic  focusing  and  by  curve  b  for  a 
multiplier  with  magnetic  focusing  (Plg.  14-18).  These  curves  show  that 
as  the  source  voltage  is  Increased  from  250  to  1250  v,  the  gain  of  the 
electrostatically-focused  multiplier  increases  continuously,  while  the 
gain  of  the  magnetically-focused  multiplier  rises  to  a  maximum  and  then 
drops  off  somewhat  as  the  source  voltage  Increases  further.  It  is  appar 
ent  from  this  that  there  is  no  necessity  for  strong  electric  fields 
with  magnetic  focusing,  since  it  appears  that  the  fastest  electrons 
emitted  by  the  next-to-last  emitter  proceed  directly  to  the  plate  under 
the  Influence  of  the  strong  electric  field,  bypassing  the  last  emitter 
so  that  the  gain  drops  off  slightly. 


Pig.  14-18.  Curves  of  gain  as  a  function 
of  source  voltage  for  multiple -stage  FEU. 
1)  For  electrostatic  focusing;  2)  for 
magnetic  focusing;  3)  volts. 


The  light  characteristic  of  a  multiple -stage  multiplier  is  repre¬ 
sented  by  the  curve  of  the  plate  current  I^  as  a  function  of  the  lumln- 
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ous  flux  P  striking  the  photocathode  (Plg.  14-19).  As  Is  shown  by  the 

-12 

diagram,  the  light  characteristic  Is  linear  for  the  segment  from  10 
to  10  lumen.  The  linearity  breaks  down  at  higher  luminous  fluxes. 

This  iB  accounted  for  by  the  fact  that  the  multiplier  gain  drops  off  at 
high  luminous  flvixes  aa  a  result  of  emitter  fatigue  and  because  of  the 
Influence  exerted  by  the  space  charges  that  form  In  the  last  stages 
and  the  plate  end  of  the  multiplier. 


Pig.  14-19.  Light  charac¬ 
teristic  of  multiple -stage 
PEU. 

l)  amp;  2)  lumens. 


PLg.  14-20.  Plage  charac¬ 
teristic  of  multiple -stage 
PEU. 

l)  ma;  2)  volts. 


The  plate  characteristic  of  a  multiple -stage  multiplier,  which 
expresses  Its  plate  current  as  a  function  of  the  voltage  U  applied 
between  the  plate  and  the  last  emitter  with  the  steady-state  voltage 
distribution  among  the  rest  of  the  emitters.  Is  given  In  Plg.  14-20. 

This  characteristic  shows  that  when  saturation  has  been  reached,  a  small 
plate-current  drop  takes  place  for  high  plate  voltages  due  to  the  Inci¬ 
dence  of  a  certain  fraction  of  the  electrons  from  the  next -to -last 
emitter  directly  onto  the  plate  without  striking  the  last  emitter. 

The  basic  parameters  of  certain  types  of  multiple -stage  photomulti¬ 
pliers  are  shown  In  Table  l4-4. 


14-6.  APPLICATIONS  OP  PHOTOCELLS  AND  PHOTOMULTIPLIERS. 

By  virtue  of  the  fact  that  they  have  practically  Instantaneous 
response,  vacuvim-tube  photocells  with  extrinsic  photoeffect  and  photo - 
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multipliers  have  found  extensive  and  diversified  applications  In  the 
most  diverse  fields  of  science  and  engineering.  They  are  capable  of 
operation  both  on  modulated  luminous  fluxes  (sound -on -fllm^  sound-on- 
paper,  facsimile  telegraph,  etc. ),  and  on  luminous  fluxes  that  vary 
dlscontlnuously  or  qualitatively  (in  automatic -control  systems). 


Pig.  14-21.  Schematic  diagram  of  repro¬ 
duction  of  sound  recorded  on  movie  film, 
l)  Film  with  recording;  2)  photocell; 

3)  amplifier  Input  tube. 

Photocells  with  extrinsic  photoeffect  and  single-stage  photomulti¬ 
pliers  are  extensively  used  In  sound-film  work  for  reproduction  of  sound 
from  light  traces.  A  schematic  diagram  of  sound  reproduction  Is  given 
as  an  example  In  Pig.  14-21.  The  light  focused  by  the  optical  system 
shines  through  the  moving  film  In  regions  where  sound  has  been  record¬ 
ed.  Having  passed  through  the  film,  the  light  strikes  the  cathode  of 
the  photocell,  giving  rise  to  the  corresponding  emission  of  photoelec¬ 
trons.  As  a  result,  a  current  arises  In  the  external  circuit  and  varies 
as  a  result  of  the  variation  of  the  luminous  flux  incident  upon  the 
photocathode  In  accordance  with  the  varying  photographic  density  (trans¬ 
parency)  of  the  sound  track  recorded  on  the  film.  Por  this  reason,  a 
varying  voltage  drop  arises  across  the  load  resistance  R  of  the  ex- 

a 

ternal  photocell  circuit  and  Is  applied  through  the  capacitor  C  to  the 
grid  of  the  amplifier  Input  tube,  while  the  plate  current  at  the  ampli¬ 
fier  output  varies  In  accordance  with  the  variation  of  the  voltage 
across  the  load  resistance.  It  Is  this  current  that  feeds  the  loud¬ 
speaker. 
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Many  types  of  photocells  are  extensively  used  In  the  various  types 
of  photorelays.  In  which  very  small  photocurrents  are  used  to  control 
the  relatively  large  currents  that  power  various  electrical  or  mechani¬ 
cal  devices.  For  example.  Pig.  14-22  shows  a  schematic  diagram  of  a 
relay  with  a  photocell  and  a  gas -dl scharge  tube.  A  potential  Insuffi¬ 
cient  to  fire  the  tube  Is  applied  at  the  point  where  the  tube  and  the 
photocathode  are  connected,  and  when  the  photocell  Is  llltmilnated,  the 
potential  of  the  common  point  declines  and  the  potential  difference  be¬ 
tween  the  electrodes  of  the  gas-discharge  tube  increases,  so  that  the 
tube  Ignites  and  the  relay  operates. 


Pig.  14-22.  Schematic  diagram 
of  photorelay. 

1)  Photocell;  2)  gas-discharge 
tube. 

Rg  —  relay;  R  —  resistance; 

C  —  capacitance. 

The  current  at  the  relay  output  is  usually  used  for  the  purpose  of 
switching  lights  on  and  off,  starting  and  stopping  motors,  or  to  drive 
counters  to  count  the  nimber  of  objects  passing  between  the  photocell 
and  the  light  source.  It  Is  possible  to  use  photorelays  to  switch  elec¬ 
tric  lighting  systems  on  and  off  automatically  In  cities  and  large  In¬ 
dustrial  centers,  adjusting  them  to  operate  when  the  Intensity  of  the 
natural  Illumination  rises  or  falls  to  a  definite  value. 

Multiple -stage  photomultipliers  have  recently  come  Into  extensive 
use  in  science  and  engineering.  They  are  used  In  astronomy  for  photo¬ 
metry  of  the  solar  and  stellar  spectra  and  in  atmospheric  optics  for 
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study  of  the  Infrared  radiation  of  the  nighttime  sky,  the  aurora, 
and  other  objectives.  Multiple -stage  photomultipliers  are  also  being 
used  successfully  In  spectral  analysis  (for  example.  In  studies  of  the 
spectral  and  time  characteristics  of  lumlnophors).  Special  designs  In 
which  photomultipliers  are  used  In  combination  with  luminescent  screens 
have  been  used  on  a  particularly  broad  scale  to  detect  Individual 
charged  particles  by  the  light  flashes  (scintillations)  that  occur 
when  luminescent  objects  are  bombarded  by  the  particles  under  Investi¬ 
gation. 

Objective  monitoring  of  light  sources  and  the  temperatures  of 
heated  bodies,  spectral  analysis  of  materials,  and  monitoring  of  the 
Intensity  variations  of  natural  or  artificial  Illumination  are  func¬ 
tions  that  can  be  performed  with  the  aid  of  photocells  and  photomulti¬ 
pliers.  Photocells  and  photomultipliers  are  also  being  used  successful¬ 
ly  as  color  analyzers,  where  they  permit  accomplishment  of  color  control, 
grading  of  colored  materials,  and  control  of  signal -light  systems.  They 
are  also  used  In  safety  devices  that  operate  on  Invisible  (for  exang^le. 
Infrared)  as  well  as  visible  light,  thus  permitting  monitoring  func¬ 
tions  to  be  carried  out  In  darkness. 
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Chapter  Fifteen 

CATHODE -RAY  AND  ELECTROOP TI CAL  DEVICES 

15-1.  CLASSIFICATION  OF  CATHODE-RAY  AND  ELECTROOPTICAL  DEVICES. 

The  class  of  cathode -ray  devices  Includes  devices  utilizing  the 
energy  of  a  focused  pencil  of  electrons,  normally  called  an  electron 
beam. 

Below  we  shall  consider  devices  utilizing  a  focused  electron  beam 
that  may  be  classified  Into  the  following  groups: 

1.  Cathode-ray  tubes  that  convert  electric  signals  Into  a  visible 
Image.  This  group  of  devices  Includes  oscilloscope  tubes  designed  for 
studying  alternating  electrical  processes,  television  picture  tubes, 
and  tubes  employed  for  the  screens  of  radar  Installations. 

2.  Transmitting  television  tubes,  designed  to  convert  a  visible 
Image  Into  electric  signals. 

3.  Electrooptlcal  converters  used  to  convert  a  light  Image  into 
an  electronic  and  then  back  to  a  light  Image  again,  but  with  a  differ¬ 
ent  spectral  composition. 

Electron  microscopes  and  electron-beam  switches  operating  with 
focused  electron  beams  are  not  considered  In  this  book. 

15-2.  ELECTRON-BEAM  TUBE  STRUCTURE.  ELECTRON  GUNS. 

A  cathode-ray  tube  consists  of  the  following  sections: 

1)  an  electron  gun,  which  creates  a  narrow  (with  small  cross- 
sectional  area)  electron  beam  of  the  required  Intensity,  which  may 
be  varied  within  predetermined  limits; 

2)  a  deflection  system  the  function  of  which  Is  to  change  the 
direction  of  the  electron  beam; 

3)  a  screen,  glowing  or  changing  Its  color  (absorption  spectrum) 
under  the  action  of  the  beam  of  electrons.  In  the  majority  of  cases. 
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the  screen  Is  applied  to  the  inside  surface  of  the  envelope  of  the 
tube,  located  opposite  the  electron  gun  and  Is  a  layer  of  a  phosphor  — 
a  material  that  glows  under  the  action  of  electron  bombardment.  This 


©  _  O/reudHtt/u/^ 

^  Tpyona  c/rod  \ 


Fig.  15-1.  Cathode  structure 
for  electron-beam  tube, 
l)  Tube;  2)  oxide  layer; 

3)  heater;  4)  cap. 


glow  Is  observed  through  the  glass  of  the  envelope. 

The  dimensions  of  the  light  spot  on  the  screen  are  smaller  the 


smaller  the  area  of  the  beam  cross-section,  i.e.,  the  better  It  Is 
focused.  The  brightness  with  which  the  screen  glows  at  the  point  of 


Incidence  of  the  beam  depends  upon  the  magnitude  of  the  current,  and 
upon  the  energy  of  the  electrons.  By  changing  the  direction  of  the 


beam  In  the  device  with  the  aid  of  the  deflection  system.  It  Is  possi¬ 
ble  to  shift  the  bright  spot  on  the  screen,  while  by  changing  the  magnl- 


tube  of  the  beam  current  with  the  energy  of  the  electrons  the  brightness 
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Pig.  15-2.  Typical  cathode- 
modulator  unit.  In  section, 
l)  Cathode;  2)  modulator 
cylinder;  3)  diaphragm; 

4 1  heater;  5)  ceramic  bead; 
6 )  spacer. 
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may  be  varied. 


For  a  given  electron  energy,  the  construction  of  the  electron  gun 
should  provide  the  required  size  of  bright  spot  and  magnitude  of  beam 
current.  In  addition,  the  characteristic  of  an  electron  gun  Is  a  modu¬ 
lation  characteristic  determining  the  nature  of  the  variation  of  the 
beam  current  within  the  required  limits. 

An  electron  gun  consists  of  a  hot  cathode,  a  control  electrode 
(modulator),  and  a  system  of  electrodes  that  focus  the  electron  beam 
on  the  screen.  In  the  majority  of  cathode -ray  tube  designs,  an  Indirect¬ 
ly  heated  oxide -coated  cathode  is  used;  It  takes  the  form  of  a  tube 
with  a  cap  on  the  outside  surface  of  the  bottom  of  which  there  Is 
applied  an  oxide  layer  (Plg.  15-1 )•  In  the  majority  of  designs  In  use, 
the  cathode  Is  located  within  a  cylinder  that  has  a  hole  in  Its  bottom 
(in  the  center),  forming  a  diaphragm.  This  cylinder  serves  as  the 
modulator;  by  changing  Its  potential  with  respect  to  the  cathode.  It 
Is  possible  to  vary  the  number  of  electrons  passing  through  the  dia¬ 
phragm,  l.e..  It  Is  possible  to  regulate  the  magnitude  of  the  beam 
current.  Sometimes,  the  modulator  cylinder  projects  beyond  the  plane 
of  the  diaphragm,  forming  a  so-called  modulator  "skirt"  (Plg.  15-2). 

The  electrons  coming  off  at  different  points  on  the  cathode  have 
their  Initial  velocities  directed  variously.  Under  the  action  of  the 
electric  field  set  up  at  the  surface  of  the  cathode  by  the  potentials 
on  the  modulator  (normally  negative)  and  the  accelerating  electrode 
located  beyond  the  diaphragm,  these  electrons  pass  thro\igh  the  aperture 
In  the  diaphragm,  or  are  returned  to  the  cathode.  The  maximum  field 
strength  of  the  accelerating  field  obtains  in  the  region  opposite  the 
center  of  the  diaphragm  aperture,  and  it  decreases  In  the  radial 
direction,  and  as  a  result,  the  maximum  current  density  Is  taken  from 
the  central  section  of  the  cathode.  When  the  modulator  potential  Is 
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Increased,  the  cathode  current  rises,  first,  owing  to  an  Increase  In 
the  cathode  surface  yielding  electrons  and,  second,  owing  to  the  In¬ 
creased  cathode -current  density.  Figure  15-3  gives  sample  curves  for  the 
distribution  of  current  density  from  a  cathode  for  three  values  of 


Pig.  15.-3.  Distribution  of 
current  density  on  a  cathode 
surface  with  various  modu¬ 
lator  potentials. 

1)  Modulator;  2)  cathode  surface. 


modulator  potential. 

In  practice,  the  maximum  current  density  taken  from  the  central 

2 

region  of  the  cathode  amounts  to  0.2-0. 5  amp/cm  ;  In  certain  types  of 

2 

devices.  It  reaches  1  amp/cm  . 

In  choosing  the  dimensions  of  the  cathode -modulator  unit  of  a  gun. 
It  Is  essential  to  know  the  way  In  which  the  magnitude  of  the  cathode 
current  depends  upon  the  modulator  potential  and  the  accelerating - 
electrode  potential.  To  determine  the  cathode -current  magnitude.  It  Is 
possible  to  make  use  of  the  following  empirical  formula: 


/  = 


(15-1) 


where  I^  Is  the  cathode  current,  ^a;  Uj^  Is  the  modulator  potential,  v; 

U  Is  the  magnitude  of  modulator  potential  at  which  the  beam  current  Is 
MO 

zero;  this  value  Is  called,  as  In  the  case  of  an  electron  tube,  the 
cut-off  voltage. 
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The  magnitude  of  the  cut*-off  voltage  depends  upon  the  geometry 
of  the  electrodes  and  the  potential  of  the  accelerating  electrode. 

It  Is  considerably  more  complicated,  however,  to  calculate  the  magnitude 
of  the  cut-off  voltage  In  an  electron  gun  than  It  Is  for  an  electron 


Pig.  15-4.  Very  simple  electron 
gun  with  electrostatic  beam  focus¬ 
ing. 

I)  Heater;  2)  modulator  diaphragm; 

3)  Image  of  cathode;  4)  limiting 
diaphragm;  5)  screen;  6)  light  spot; 

7)  second  anode;  8)  first  anode; 

9)  cross-over;  10 )  modulator; 

II)  cathode. 

tube.  Experimental  data  for  systems  In  practical  use  as  cathode-ray- 
tube  guns  give  the  following  approximate  expression  connecting  the 
magnitude  of  the  cut-off  voltage  with  electrode  dimensions  and  the 
accelerating -electrode  voltage: 


(15-2) 


In  this  expression,  D  Is  the  diameter  of  the  aperture  In  the 
modulator  diaphragm;  9  Is  the  diaphragm  thickness;  r^^  Is  the  cathode - 
modulator  separation;  rj^  Is  the  spacing  between  the  modulator  dia¬ 
phragm  and  the  accelerating  electrode;  Is  the  accelerating -elec¬ 
trode  voltage.  The  proportionality  constant  k  depends  upon  the  dimen¬ 
sions  of  the  modulator  skirt  and  the  design  of  the  accelerating  elec¬ 
trodes. 

The  stream  of  electrons  passing  through  the  modulator  diaphragm 
« 
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must  be  focused  on  the  screen  of  the  tube.  In  order  to  do  this,  the 
electron  gun  has  a  focusing  system  normally  consisting  of  two  electron 
lenses. 

Where  electrostatic  focusing  of  the  electron  beam  Is  used,  the 
focusing  system  normally  consists  of  two  electrostatic  lenses,  made  In 
the  form  of  diaphragms  (Fig.  15-4),  or  In  the  form  of  coaxial  cylinders 
of  the  same  or  different  diameters. 

The  first  lens  of  a  focusing  system  Is  formed  by  three  electrodes: 
a  cathode,  a  modulator,  and  a  first  anode.  The  electrons,  leaving  the 
cathode  with  various  Initial -velocity  directions  undergo  axial  and 
radial  acceleration;  In  this  case,  the  radial  acceleration  Is  directed 
towards  the  axis.  Since  the  Initial  velocities  of  the  electrons  are 
low,  the  electron  trajectoid-es  are  curved  sharply  toward  the  axis  of 
the  tube,  and  the  electron  beam  Is  compressed  near  the  modulator, 
after  which  It  again  diverges.  The  region  corresponding  to  minimum 
electron-beam  diameter  Is  called  the  Intersection.  In  the  Intersection 
region,  the  trajectories  of  the  electrons  cross  If  they  come  from 
different  points  on  the  cathode,  while  the  trajectories  of  electrons 
coming  from  the  same  cathode  point  Intersect  considerably  further 
out.  In  a  plane,  forming  a  plane  Image  for  the  first  length.  The  size 
of  the  cathode  Image,  as  Is  shown  on  the  figure.  Is  larger  than  the 
width  of  the  beam  In  the  Intersection  region.  Thus,  In  order  to  decrease 
the  size  of  the  light  spot,  the  second  lens  Is  so  arranged  that  the 
Image  of  the  Intersection,  rather  than  the  Image  of  the  cathode.  Is 
projected  on  the  screen.  Consequently,  electron  paths  should  Intersect 
on  the  screen  when  the  electrons  have  passed  through  a  single  point  of 
the  Intersection. 

The  second  electrostatic  lens,  called  the  final  lens.  Is  formed 
by  the  field  between  the  first  and  second  anodes.  Since  In  the  final 
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lens  field,  the  electrons  arrive  at  high  velocities.  In  order  to 
focus  them,  a  rather  high  potential  gradient  Is  needed.  Thus,  the 
voltage  on  the  second  anode  should  be  considerably  higher  than  the 
voltage  on  the  first  anode.  As  a  rule,  the  first-anode  voltage  Is 
about  10-30  per  cent  of  the  second-anode  voltage.  In  addition.  In  the 
majority  of  cathode-ray  devices,  with  the  exception  of  tubes  with 
after-acceleration,  the  magnitude  of  the  second-anode  voltage  deter¬ 
mines  the  energy  with  which  the  electrons  arrive  at  the  screen. 

The  anodes  have  diaphragms  which  limit  the  angle  of  divergence  of 
the  electron  beam,  cutting  out  from  the  entire  beam  those  electrons 
that  are  moving  at  a  relatively  small  angle  with  respect  to  the  axis. 
This  Improves  focusing  of  the  electron  beam,  and  decreases  the  size 
of  the  light  spot.  Owing  to  this  clipping  of  some  of  the  electrons  by 
the  anode  diaphragms,  the  beam  current  arriving  at  the  screen  turns 
out  to  be  less  than  the  cathode  current. 

Focusing  of  an  electron  beam  Is  achieved  by  varying  the  voltage 
on  the  first  anode.  In  other  words,  by  changing  the  voltage  on  the 
first  anode.  It  Is  possible  to  obtain  a  field  In  the  lenses  that  will 
produce  the  least  light -spot  area. 

More  common  are  systems  of  electron  guns  using  an  accelerating 
electrode.  In  such  an  electron-gun  system,  there  Is  an  additional 
accelerating  electrode,  located  between  the  modulator  and  the  first 
anode,  which  Is  at  a  high  positive  potential,  as  a  rule  higher  than 
the  first -anode  potential.  In  tubes  with  electrostatic  focusing  (with 
the  exception  of  high-voltage  tubes),  the  accelerating  electrode  Is 
frequently  connected  directly  to  the  second  anode  (Plg.  15-5).  In  the 
majority  of  modern  tubes  with  electrostatic  beam  focusing,  electron 
guns  are  used  that  have  zero  first -anode  current,  which  makes  It  possi¬ 
ble  to  supply  the  anode  from  a  common  source  through  a  voltage  divider. 
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The  peculiarity  of  such  guns  Is  the  form  of  the  accelerating  electrode 
and  second  anode,  which  are  cylinders  with  limiting  diaphragms,  while 
the  first  anode  Is  a  diaphragm  or  cylinder  having  an  aperture  of  large 
diameter.  In  this  gun,  the  cathode,  modulator,  and  accelerating  elec- 
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Pig.  15-5-  Variant  designs  for 
electron  guns  with  accelerating 
electrodes. 

ll  First  anode;  2)  second  anode; 

3)  conducting  coating;  4)  acceler¬ 
ating  electrode;  5)  modulator; 

6)  cathode. 


trode  form  the  first.  Immersion,  lens  of  the  gun,  while  the  system 
consisting  of  the  accelerating  electrode  and  the  second  anode,  elec¬ 
trically  interconnected,  form,  with  the  aid  of  the  first  anode  between 
them,  the  second  separate  lens. 

Figure  15-6  shows  one  of  the  versions  of  such  an  electron  gun. 

In  assembling  the  gun.  It  Is  especially  important  to  ensure  that  the 
electrode  axes  coincide  precisely,  and  that  the  spaclngs  between  them 
are  maintained,  with  primary  attention  to  the  cathode -modulator  spac¬ 
ing.  In  order  to  provide  accurate  location  of  the  cathode  and  modulator 
with  respect  to  each  other,  the  cathode  Is  embedded  In  a  ceramic  bead, 
tightly  Inserted  in  the  modulator  cylinder.  The  distance  between  the 
oxide -coated  cathode  surface  and  the  modulator  diaphragm,  fixed  with 
the  aid  of  a  spacer.  Is  on  the  order  of  0.12-0.16  mm.  A  decrease  In 
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the  spacing  is  limited  by  possible  thermal  deformations  of  the  cathode 
and  modulator  diaphragm  leading  to  a  large  relative  change  in  this 
distance,  extending  even  to  a  short  circuit.  The  diameter  of  the 
diaphragm  aperture  In  the  modulator  ranges  from  0.5  to  1.0  mm,  depend- 


Pig.  15-6.  Structure  of  electron 
gun. 

1)  Cathode -modulator  unit;  2}  ac¬ 
celerating  electrode;  3)  first 
anode;  4)  second  anode;  5)  supports; 

6]  spider  for  mounting  electrode; 

7)  ceramic  tube;  8)  stem. 

Ing  upon  the  value  of  the  accelerating -electrode  voltage,  and  the  re¬ 
quired  magnitude  of  beam  current  and  cut-off  voltage.  We  ensure  that 
the  electrodes  of  the  gun  have  the  same  axis  by  assembling  them  on  a 
special  chuck.  In  this  case,  the  spacing  Is  fixed  by  means  of  pads 
that  are  removed  after  assembly.  The  entire  system  Is  fastened  to 
ceramic  beads  with  the  aid  of  either  vacuum  cement,  or  metal  supports. 

Any  coaxial  deviation  of  the  parts  will  disturb  the  coaxiality 
of  the  electric  fields  that  form  the  lenses,  and,  consequently,  will 
distort  electron-beam  focusing. 


4/- 
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Even  where  all  of  the  electrodes  making  up  the  electron  gun  are 
accurately  coaxial,  however.  In  practice.  It  Is  not  possible  to  obtain 
a  sharp  Intersection  Image  on  the  screen.  Image  errors,  called  aberra- 


Fig.  15-7.  Representation  of 
spherical  aberration,  as  ex¬ 
emplified  by  a  glass  lens. 

tlons,  are  caused  by  many  factors  connected  with  Imperfection  of  the 
optical  system.  One  of  the  most  substantial  sources  of  Image  distor¬ 
tion  Is  so-called  spherical  aberration,  which  occurs  both  In  electro- 
optical  and  In  glass  lenses.  Beams  (or  electrons),  coming  from  a 
single  point  on  the  focused  subject  (or  In  the  case  of  an  electron  gun, 
from  a  single  point  of  the  cathode)  at  different  angles,  do  not  converge 
to  a  single  point;  as  a  result,  a  diffused  Image  of  the  subject  Is  ob¬ 
tained,  as  shown  for  the  case  of  a  glass  lens  In  Pig.  15-7.  It  Is 
clear  that  the  magnitude  of  spherical  aberration  will  be  less  the  smallei' 
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Pig.  15-8.  Electron  gun  with 
mixed  focusing, 
l)  Cathode;  2)  modulator; 

3)  anode;  4)  focusing -coll 
winding;  5)  conducting  coating; 
6)  Jacket;  7)  accelerating 
electrode. 


the  dispersion  angle  of  the  beeun  of  electrons.  Thus,  In  order  to  de- 
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crease  spherical  aberration,  limiting  (aperture)  diaphragms  are  used 
that  cut  off  a  section  with  small  dispersion  angles  from  the  entire 
electron  beam. 

In  many  types  of  cathode -ray  tubes,  electron  guns  are  used  that 
have  mixed  electrostatic  and  magnetic  focusing  (Plg.  15-8).  In  such 
guns,  the  first  lens  Is  electrostatic  and  the  second  magnetic.  The 
advantage  of  the  magnetic  lens  In  comparison  with  the  electrostatic 
lens  lies  In  the  smaller  value  of  spherical  aberration,  which  results 
from  the  small  diameter  of  the  lens  In  comparison  with  an  electrostatic 
lens. 

As  In  a  gun  with  electrostatic  focusing,  the  first  lens  Is  made 
with  an  additional  accelerating  electrode.  A  positive  potential  on  the 
order  of  200-400  v  DC  Is  applied  to  the  accelerating  electrode.  The 
anode  voltage  reaches  several  thousand  volts. 

The  second,  magnetic,  lens  Is  normally  set  up  by  a  magnetic  coll 
placed  on  the  cylindrical  neck  of  the  tube  envelope,  and  encased  In  an 
Iron  Jacket.  Such  colls  form  a  lens  with  a  relatively  short  focus.  In 
Installing  a  focusing  coll.  It  Is  essential  that  It  be  accurately 
centered  with  respect  to  the  optical  axis  of  the  tube. 

15-3.  DEFLECTING  SYSTEM  OP  CATHODE-RAY  TUBES. 

Ihe  electron  beam,  focused  by  the  gun.  Is  directed  toward  the 
center  of  the  screen  of  the  tube.  In  order  to  force  the  light  spot  to 
move  across  the  screen,  the  tubes  have  deflecting  systems  that  change 
the  direction  of  the  focused  electron  beam,  acting  on  It  by  means  of 
a  transverse  electrical  magnetic  field. 

In  the  simplest  case,  electrostatic  deviation  Is  accoiig)llshed  by 
a  system  that  consists  of  two  pairs  of  parallel  plates,  located  so  as 
to  be  mutually  perpendicular  (Pig.  15-9)*  If  there  is  a  potential 
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difference  between  any  pair  of  plates,  the  electrons  of  the  beam  will 
be  deflected  toward  the  plate  with  the  higher  potential.  The  paths  of 
motion  of  the  electrons  In  the  field  of  the  plate,  which  may  be  con- 


Plg.  15-9-  Location  of  deflecting 
plates. 

sldered  to  be  uniform  In  first  approximation,  are  parabolic.  Passing 
through  the  field  of  the  plates,  the  electrons  move  along  a  straight 
line  tangent  to  the  parabola  at  the  point  where  the  electrons  exit 
from  the  field  (Plg.  15-10).  As  a  result,  the  beam  strikes  the  screen 
not  In  Its  center,  but  at  some  distance  h  from  the  center.  The  quantity 
h,  called  the  deflection,  may  be  found  from  the  known  geometric  di¬ 
mensions  of  the  tube  elements,  the  velocity  of  the  electrons,  and  the 
potential  difference  between  the  deflecting  plates. 


Pig.  15-10.  Derivation  of  deflection 
sensitivity. 

Let  us  consider  the  motion  of  an  electron  moving  In  the  field  of 
the  deflecting  plates  at  a  velocity  directed  along  the  optical  axis. 

If  a  potential  difference  U  Is  applied  to  the  plates,  the  field  strength 
between  the  plates  equals : 
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(15-3) 


Choosing  as  the  origin  of  the  coordinate  system  the  point  at  which 
an  electron  enters  the  field  of  the  plates,  and  directing  the  X  axis 
along  the  optical  axis  of  the  tube,  and  the  Y  axis  perpendicular  to 
the  plates.  It  Is  possible.  In  accordance  with  Eq.  (2-7),  to  write 
the  equation  of  motion  for  electrons  in  the  field  of  the  plate : 
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eg 

2mul 
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(15-4) 


The  velocity  of  an  electron  Vq,  acquired  by  It  In  the  electron  gun, 
equals : 


where  U  Is  the  voltage  on  the  anode  of  the  gun. 

cL 

Substituting  this  value  Vq  Into  Eq.  (15-4),  we  obtain; 


y~  4dU^  (15 -4a) 

The  true  magnitude  of  the  deflection  h  equals  the  sum  of  the  de¬ 
flection  of  an  electron  In  the  field  of  the  plates  h^^  and  the  deflec¬ 
tion  caused  by  the  change  In  direction  of  motion  of  an  electron  In 
the  field  of  the  plates,  h^  equals  the  coordinate  ^  of  the  electron  at 
the  point  where  It  leaves  the  plate  field,  l.e.,  at  x  =  1.  (length  of 
the  plate ) : 


•  (15-5) 

The  deflection  h2  depends  upon  the  separation  of  the  plate  from  the 
beam  and  the  angle  of  Inclination  of  the  tangent  to  the  parabola  at 
the  point  where  the  electron  leaves  the  field  of  the  plates. 


A,  =  Ltg  a. 
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(15-6) 


The  magnitude  of  tan  tflfl  determined  from  Eq.  (2-10) 


Substituting  this  value  of  tan  a.  Into  (15-6),  and  expressing  E  In  terms 
of  U,  and  Vq  In  terms  of  we  obtain  an  expression  defining  hg: 


A,  =  L 


Ul 

2dU. 


The  total  value  of  the  deviation  h  equals : 


h  =  h,  +  h,-. 
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or 


(15-7) 


(15-8) 


Letting  l/2  +  L  =  D  (D  Is  the  distance  from  the  screen  to  the  center  of 
the  plates),  we  obtain,  finally: 

4  =  (15^) 

It  follows  from  expression  (15-9)  that  the  magnitude  of  the 
beam  deflection  Is  directly  proportional  to  the  voltage  applied  to  the 
deflecting  plates.  The  ratio 


■^=^  =  ft(nim/v)  (15-10) 

Is  called  the  deflection  sensitivity.  The  magnitude  of  the  sensitivity 
Is  defined  as  the  deflection  of  the  light  spot  per  volt  of  deflection 
voltage.  Expression  (15-10)  shows  that,  first,  the  sensitivity  Is  In¬ 
versely  proportional  to  the  plate  voltage,  which  determines  the  velocity 
of  the  electrons  and,  second,  that  the  sensitivity  Is  Independent  of 
the  electron  mass  and  charge  and,  consequently,  the  deviation  will  be 
the  same  for  any  charged  particles  leaving  the  gun. 
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The  expression  for  the  deviation  of  the  light  spot  was  derived 
with  the  condition  that  the  electric  field  of  the  deflection  plates  Is 
uniform.  The  plate  field,  however,  may  be  assumed  to  be  uniform  only  at 
the  center  of  the  plate  region  (Plg.  15-11).  Owing  to  the  edge  effect. 


Pig.  15-11.  Electric  field  In  the 
space  between  deflecting  plates 
(lines  of  force  are  shown  solid, 
and  equlpotentleO.  lines  by  the 
dashed  lines). 


the  deflecting  field  extends  beyond  the  plates  themselves,  which  some¬ 
what  Increases  the  sensitivity.  For  the  plate  dimensions  used  In  prac¬ 
tice,  this  Increase  In  sensitivity  Is  on  the  order  of  15  per  cent. 

If  an  alternating  voltage  Is  applied  to  the  deflecting  plates, 
the  position  of  the  light  spot  on  the  screen  changes  continuously  with 
a  velocity  corresponding  to  the  rate  of  change  of  the  deflecting  volt¬ 
age;  the  spot  will  shift  In  a  direction  perpendicular  to  the  planes 
of  the  plates.  Since  In  the  tubes  there  are  two  mutually  perpendicular 
pairs  of  deflecting  plates,  the  light  spot  will  be  shifted  In  two 


Pig.  15-12.  Deflecting  plates, 
a)  Nonparallel  plates;  b)  bent 
plates;  c)  p8u?allel  plates  with 
linearly  diverging  ends. 
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mutually  perpendicular  directions  and,  consequently,  may  occupy  any 
position  on  the  screen,  determined  at  each  moment  of  time  by  the  magni¬ 
tudes  of  the  deflecting  voltages. 

In  many  cathode-ray  tubes.  It  Is  necessary  to  obtain  a  large  de¬ 
flection  of  the  light  spots,  which  corresponds  to  a  large  angle  between 
the  extreme  positions  of  the  electron  beam,  which  Is  called  the  deflec¬ 
tion  angle.  A  large  deflection  angle  makes  It  possible  to  decrease  the 
difference  from  the  screen  to  the  deflecting  plates  without  changing  the 
size  of  the  screen  and,  consequently,  decreases  the  dimensions  of  tubes 
and  equipment  In  which  they  are  used.  For  plane -parallel  deflecting 
plate,  however,  an  Increase  In  deflection  angle  while  maintaining 
sensitivity  Is  limited  by  the  cutting  of  the  electron  beam  by  the 
plates  themselves. 

Thus,  plane -parallel  plates  are  utilized  In  cathode -ray  tubes 
rather  seldom.  Plane  plates  that  are  not  parallel  are  used  more  fre¬ 
quently,  as  are  parallel  plates  with  linearly  diverging  edges,  or  some¬ 
times  curved  plates  (Fig.  15-12). 

Both  pairs  of  deflecting  plates  are  located  In  series,  and,  conse¬ 
quently,  at  different  distances  from  the  screen.  Clearly,  If  all  other 
conditions  are  equal,  the  sensitivity  will  be  greater  for  the  pair  of 
plates  that  is  further  from  the  screen.  Thus,  for  the  deflection 
sensitivity  to  be  approximately  the  same  for  both  deflection  directions, 
the  plates  that  are  further  from  the  screen  as  a  rule  are  made  shorter. 

The  most  Important  requirement  for  a  deflecting  system  Is  the 
preservation  of  beam  focusing  under  considerable  deflection.  This  re¬ 
quirement,  however.  Is  not  always  met,  and  as  a  result,  the  size  of 
the  light  spot  will  be  greater  when  It  Is  shifted  to  the  edges  of  the 
screen  than  when  It  Is  In  the  center.  Even  where  the  field  between  the 
deflection  plates  Is  Ideally  uniform,  the  electron  beam  Is  defocused 
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as  a  result  of  Its  deflection  (Plg.  15-13)>  and  the  beam  defocuslng 
is  the  greater  the  wider  the  beam  where  It  leaves  the  field  of  the 
plates. 

Still  greater  defocuslng  Is  caused  by  the  marked  nonunlformlty 


®| 
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Pig.  15-13-  Defocuslng  of  a  beam 
In  deflection,  l)  Screen. 

of  the  electric  field  at  the  edges  of  the  plates.  The  nonuniform  field 
at  the  plate  edges  takes  the  form  of  a  peculiar  electrostatic  lens, 
not  having  axial  symmetryj  as  a  result,  electrons  moving  at  various 
angles  to  the  tube  axis  are  not  Identically  deflected. 

Consequently,  In  order  to  decrease  beam  defocuslng.  It  is  necessary, 
first,  to  decrease  beam^width  at  the  entrance  to  the  deflecting  plates 
and,  second,  to  decrease  field  nonunlformlty  at  the  edges  of  the 
plates. 

A  decrease  In  electron-beam  width  Is  achieved  by  Installing  aper- 


Plg.  15-14.  Methods  of  decreasing  field 
nonunlformlty  at  the  edges  of  deflecting 
plates. 
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tlire  diaphragms  In  the  output  region  of  the  gun  anode,  which  cut  out 
the  extreme  electrons  fl^^m  the  beam.  This  method,  however,  decreases 
the  beam  current  and,  consequently,  decreases  screen  brightness  as 
well. 

The  most  coimnon  method  for  supplying  the  deflecting  plates  Is  the 
so-called  symmetric -supply  method.  In  which  both  deflecting  plates  of 
a  pair  are  connected  to  the  gun  anode  by  equal  high  resistances  (on 
the  order  of  several  megohms).  When  the  deflection  voltage  Is  applied 
to  the  plates,  the  potential  of  one  of  the  plates  (the  positive  plate) 
Is  higher  and  that  of  the  other  lower  than  the  potential  of  the  anode 
by  an  amount  equal  to  one -half  of  the  deflection  voltage.  The  poten¬ 
tial  of  the  mean  equlpotentlal  plane  always  remains  equal  to  the 
anode  potential.  The  field  at  the  edges  of  the  plates  when  this  method 
of  supply  Is  used  turns  out  to  be  symmetric  with  respect  to  a  plane 
passing  through  the  axis  of  the  tube,  which  somewhat  decreases  deflec¬ 
tion  distortion. 

In  addition.  In  order  to  decrease  field  nonuniformity  at  the  edges 
of  the  plates,  special  plates  are  located  near  the  deflecting  plates 
and  they  are  connected  directly  to  the  anode  of  the  gun  (Plg.  15-l4a). 

A  similar  effect  may  be  obtained  by  placing  an  electrode  near  the  edges 
of  the  deflecting  plate  that  Is  at  the  anode  potential,  and  that  has  a 
slot  with  a  width  equal  to  the  separation  between  the  plates  (Plg. 
15-l4b). 

An  electron  beam  may  also  be  deflected  by  a  transverse  magnetic 
field  set  up  by  special  deflecting  colls  located  outside  the  tube 
envelope.  Let  us  consider  the  deflection  of  a  beam  of  electrons  by  a 
unlfom  lateral  magnetic  field.  Figure  15-15  shows  the  deflection  of 
an  axial  beam  In  a  uniform  magnetic  field  (the  field  strength  vector 
Is  directed  perpendicular  to  the  plane  of  the  drawing). 
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As  Is  known,  an  electron  falling  Into  a  uniform  magnetic  field 
at  a  velocity  Uq  that  Is  perpendicular  to  the  field  strength  moves  In 
a  circle  whose  radius  Is  determined  from  the  expression  (4-20)  [sic]: 


Consequently,  an  electron  beam  In  the  field  of  a  deflection  coll  moves 
along  the  arc  of  a  circle  whose  radius  Is  the  smaller  the  greater  the 
magnetic  field  strength.  After  leaving  the  field  of  the  colls,  the  beam 
moves  toward  the  screen  along  the  tangent  to  the  arc  at  the  point  of 
exit,  and  strikes  the  screen  at  a  point  distant  from  the  center.  Clearly 
the  magnitude  of  the  deflection  of  the  light  spot  from  the  center  of 
the  screen  Is  greater  the  smaller  the  radius  of  curvature  of  the  elec¬ 
trons  In  the  deflection  field,  l.e.,  the  greater  the  magnetic  field 
strength.  For  small  deflection  angles,  the  magnitude  of  deflection  Is 
related  to  the  field  strength  of  the  deflecting  field  by  the  following 
equation: 


Vu, 


(15-11) 


l.e.,  the  magnitude  of  deflection  of  the  light  spot  from  the  center  of 
the  screen  Is  directly  proportional  to  the  value  of  the  deflecting 
field  strength.  At  large  deflection  angles,  the  relationship  between 
the  deflection  and  the  field  strength  becomes  nonlinear. 

It  Is  clear  from  expression  (15-11)  that  the  magnitude  of  beam 
deflection  In  a  uniform  magnetic  field.  In  contrast  to  electrostatic 
deflections,  depends  upon  the  ratio  of  charge  to  mass  of  the  deflected 
particle.  In  addition,  with  magnetic  deflection,  the  magnitude  of  de¬ 
flection  Is  Inversely  proportional  to  the  square  root  of  the  accelerat¬ 
ing  voltage  U  ,  while  for  electrostatic  deflection,  the  deflection  Is 

a. 

Inversely  proportional  to  the  first  power  of  U  .  This  means  that  with 


-  520  - 


magnetic  deflection,  the  deflection  sensitivity  Is  less  dependent  upon 
the  accelerating  voltage  than  Is  the  case  with  electrostatic  deflection. 

The  deflection  colls  that  set  up  the  magnetic  field  are  located  on 
the  neck  of  the  tube  envelope  (Plg.  15-16).  As  the  figure  shows,  the 


Fig.  15-15*  Deflection  of  electron 
beam  In  magnetic  field. 

colls  are  located  at  the  same  distance  from  the  gun,  and  the  magnetic 
fields  set  up  by  them  are  superimposed.  The  mutual  superposition  of 
two  mutually  perpendicular  magnetic  fields,  however,  does  not  cause 
distortion  In  beam  focusing  or  deflection.  Each  pair  of  deflecting 
colls  sets  up  a  magnetic  flux  with  a  field  strength  directed  perpen¬ 
dicular  to  the  tube  axis.  For  a  large  concentrated  magnetic  flux, 
cores  and  pole  pieces  of  steel  are  sometimes  utilized  in  the  colls. 

As  the  frequency  of  the  alternating  deflection  voltage  Increases, 
however,  the  losses  in  the  steel  rise  sharply  in  such  colls.  Hmus,  In 


Fig.  15-16.  Deflecting  colls  on 
neck  of  cathode -ray  tube. 
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many  cases,  deflection  colls  are  used  that  do  not  have  cores;  their 
advantage  lies  In  lower  weight  and  the  fact  that  It  Is  more  easily 
possible  to  obtain  the  required  shape  of  field  by  proper  choice  of 
the  distribution  of  coll  turns. 

As  with  electrostatic  deflection,  magnetic  deflection  may  cause 
distortion  of  the  beam  focusing  and  of  deflection  Itself  owing  to 
nonuniformity  of  the  magnetic  field  at  the  edges  of  the  deflecting  colls 
and  the  very  wide  beam.  Equalization  of  magnetic -field  uniformity  across 
the  tube  diameter  Is  achieved  by  a  special  distribution  of  the  turns  of 
the  deflectlon-coll  windings  In  which  the  turns  density  follows  ap¬ 
proximately  a  cosine  law  from  side  edges  to  center.  In  order  to  de¬ 
crease  field  nonuniformity  at  the  end  edges  of  the  colls,  their  ends 
are  normally  bent  up. 

Owing  to  the  large  diameter  of  the  deflecting  colls  (with  respect 
to  the  dimension  of  the  beam),  the  effect  of  field  nonuniformity  at 
the  edges  of  the  deflection  system  turns  out  to  be  quite  a  bit  less 
for  magnetic  deflection  than  with  electrostatic  deflection  which  Is  a 
substantial  advantage  of  the  magnetic  deflection  system.  A  very  import¬ 
ant  positive  quality  of  magnetic  deflection  Is  the  fact  that  sensitivity 
Is  less  dependent  upon  accelerating  voltage  than  Is  the  case  with  elec¬ 
trostatic  deflection.  In  addition,  tubes  with  magnetic  deflection  are 
simpler  to  manufacture  and  are  cheaper.  A  drawback  to  magnetic  deflec¬ 
tion  Is  the  fact  that  the  amount  of  deflection  depends  upon  the  mass 
and  charge  of  the  particles  deflected,  and  Its  effect  becomes  manifest 
where  there  are  negative  Ions  In  the  beam  of  the  tube;  we  give  a  more 
detailed  discussion  of  this  case  below.  The  drawbacks  to  magnetic  de¬ 
flection  systems  also  Include  the  cumbersomeness  of  the  deflection 
arrangement,  as  well  as  the  limitation  placed  upon  the  permissible  fre¬ 
quency  of  the  deviating  voltage  by  coll  Inductance.  In  practice,  the 
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frequency  of  the  deflection  voltage  cannot  exceed  10  Me  with  magnetic  \ 
deflection. 

15-4.  ELECTRON-BEAM  SCANNING. 

If  an  alternating  voltage  Is  applied  to  the  deflecting  plates  of 
a  cathode -ray  tube,  the  amount  of  deflection  of  the  bright  spot  will 
vary  continuously,  l.e.,  the  bright  spot  will  be  shifted  on  the  screen 
In  the  direction  of  the  deflection.  The  rate  of  translation  of  the 
spot  depends  upon  the  rate  of  change  of  the  deflecting  voltage  (or 
with  magnetic  deflection,  upon  the  rate  of  change  of  the  current  In 
the  deflecting  colls).  If  the  deflecting  voltages  vary  slowly,  an  ob¬ 
server  can  differentiate  Individual  positions  of  the  moving  bright 
spot  on  the  screen.  When  the  deflecting  voltages  change  rapidly,  the 
observer,  owing  to  the  persistence  of  human  vision  which  retains  a 
visual  Impression  for  a  period  of  about  0.1  sec,  will  see  the  motion  of 
the  bright  spot  over  the  screen  as  a  bright  line. 

The  position  of  the  bright  spot  on  the  screen  at  any  moment  of 
time  Is  a  function  of  the  Instantaneous  values  of  the  deflecting  volt¬ 
ages,  while  the  form  of  the  bright  line  depends  upon  the  nature  of  the 
change  In  these  voltages.  By  a  suitable  choice  of  the  character  and 
magnitudes  of  the  deflecting  voltages.  It  Is  possible  to  obtain  upon 
the  screen  any  shape  of  the  bright  line.  The  production  of  bright  lines 
of  required  shape  Is  known  as  electron-beam  scanning. 

The  shape  of  such  a  sweep  depends  upon  the  function  of  the  cathode-  . 
ray  tube.  Basically,  a  sweep  Is  produced  by  applying  to  the  deflecting 
systems  voltages  or  currents  changing  according  to  a  predetermined 
character.  In  certain  tubes,  specially  designed  deflection  systems  are 
utilized  that  produce  the  required  electron-beam  scanning.  Let  us  con¬ 
sider  certain  frequently  utilized  types  of  sweeps. 
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a)  Linear  sweep.  In  order  to  obtain  this  type  of  scanning,  a 
periodic  sawtooth  voltage  Is  applied  to  one  pair  of  deflecting  plates 
(or  colls)  (Plg.  I5-I7);  this  type  of  signal  gives  a  linear  variation 


Pig.  15-17*  Sawtooth  sweep 
voltage. 

In  voltage  over  a  cycle,  with  a  nearly  Instantaneous  fly-back  to  the 
Initial  value  at  the  end  of  the  cycle.  Under  the  action  of  this  sweep 
voltage,  the  beam  Is  swept  across  the  screen  In  stralght-llne  segments 
whose  ends  are  determined  by  the  values  of  voltage  at  the  beginning  and 
end  of  a  cycle.  Por  a  single  cycle  of  sawtooth  voltage.  It  Is  possible 
to  express  these  voltages  as  linear  time  functions  : 

«p— +  (15-12) 

where  a  Is  the  rate  of  change  of  the  sweep  voltage,  v/sec;  UpQ  is  Its 
value  at  the  Initial  Instant  (t  =  O). 

If  an  alternating  voltage  u  =9(t)  Is  applied  to  the  second  pair 
of  deflecting  plates.  It  will  shift  the  bright  spot  In  a  direction  per¬ 
pendicular  to  the  straight  line  obtained.  Let  us  use  a  rectangular 
coordinate  system  with  the  origin  In  the  center  of  the  screen.  The  X 
axis  will  be  directed  along  the  line  generated  by  sweeping  the  beam 
with  the  sawtooth  voltage.  Then  the  coordinates  of  the  bright  spot  at 
any  Instant  of  time  t  (within  a  single  cycle  of  sweep  voltage)  will 
have  the  following  values : 


(15-13) 
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y  =  k,u  =  k,<f(t). 


(15-14) 


where  and  kg  are  the  sensitivities  of  both  pairs  of  plates.  Solving 
Eq.  15-13  for  t  and  substituting  Into  Eq.  15-14,  we  obtain  the  equation 


Pig.  15-18.  Linear  sweep  with 
sinusoidal  voltage, 
l)  Electron  gun;  2)  screen. 


of  motion  of  the  bright  spot  over  the  screen: 

=  (15-15) 

It  follows  from  Eq.  15-15  that  the  path  of  motion  of  the  bright 
spot  over  the  screen  will  duplicate  the  shape  of  the  relationship  be¬ 
tween  the  voltage  u  and  time. 

If  the  voltage  u  ='P  (t)  It  Is  also  periodic.  If  the  periods  of 
both  voltages  are  equal,  the  bright  spot  will  describe  a  curve  that 
corresponds  to  a  single  cycle,  and  that  will  return  to  the  Initial 
point,  and  repeat  Its  motion  along  this  curve.  In  this  case,  there  will 
be  a  stable  Image  on  the  screen  of  a  single  cycle  of  the  voltage  applied 
to  the  second  pair  of  plates.  Figure  15-18,  such  scanning  of  a  slnusol - 
dal  voltage.  If  the  frequency  of  the  sawtooth  scanning  voltage  u  Is 

J. 

twice  the  period  of  the  voltage  u,  an  Image  of  two  cycles  will  appear 
on  the  screen,  while  If  the  frequency  of  the  first  voltage  Is  three 
times  that  of  the  second,  there  will  be  three  cycles  on  the  screen,  etc. 
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The  period  of  the  sawtooth  voltage  must  be  equal  to  or  an  Integral 
number  of  times  that  of  the  voltage  applied  to  the  second  pair  of 
plates.  If  this  is  not  the  case^  it  will  be  impossible  to  obtain  a 
stable  representation  of  the  second,  studied,  voltage  on  the  screen. 


Pig.  I5-I9.  Electron 

beam  scanning  of  a 

straight-line  raster.  Pig.  15-20.  Circular  electron-beam 

1)  Prame  width;  sweep  (the  dashed  lines  show  the  ar- 

2)  frame  height.  rangement  of  the  deflecting  plates). 

b)  Straight-line  sweep  over  a  raster.  This  widely  employed  type 
of  scanning  is  obtained  by  applying  sawtooth  voltages  with  different 
periods  to  both  pairs  of  deflection  plates  (or  coils).  As  a  result, 
the  screen  will  show  a  representation  of  the  voltage  having  the  shorter 
period,  in  the  form  of  a  series  of  parallel  bright  lines.  These  lines 
will  form  a  rectangle,  in  the  absence  of  deflection  distortions,  a 

rectangle  whose  sides  are  defined  by  the  amplitudes  of  the  sweep  volt¬ 

ages  (Pig.  15-19)- 

The  screen  will  .show  a  trace  of  the  beam  as  it  moves  with  a 

gradual  change  in  the  sweep  voltage.  The  flyback  of  the  beam  will  cause 

almost  no  brightening  of  the  screen,  owing  to  its  high  speed  as  it 
moves  over  the  screen.  In  the  majority  of  cases,  voltage  pulses,  syn¬ 
chronized  with  the  sweep  voltage,  are  applied  to  the  tube  modulator, 
so  that  the  tube  will  be  cut  off  during  the  beam  flyback  time. 

The  number  of  lines  is  equal  to  the  ratio  of  the  sweep -voltage 
periods.  The  rectangle  formed  by  the  lines  is  called  a  rectangular 
raster;  its  height  determined  by  the  amplitude  of  the  sweep  voltage 
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with  the  greater  period  (vertical -sweep  voltage).  Is  called  the  vertical 
height,  while  the  width,  which  depends  upon  the  amplitude  of  the  voltage 
with  the  shorter  period  (the  horizontal -sweep  voltage),  is  called  the 
line  width.  The  position  of  the  bright  spot  In  the  raster  at  any  moment 
of  time  Is  determined  by  the  Instantaneous  values  of  both  sweep  voltages. 

c )  Circular  electron-beam  scanning  and  radial  deflection  systems. 

If  sinusoidal  voltages,  90°  out  of  phase,  are  applied  to  both  pairs  of 
deflection  plates,  where  the  maximum  deflections  of  the  beam  are  equal 
for  both  pairs  of  plates,  the  beam  will  describe  a  circle  on  the  screen. 
Actually,  If  a  voltage  u  =  U  sin  oit  Is  applied  to  the  plates  sweeping 
the  beam  along  the  X  axis,  and  a  voltage  u  =  U  sin  (a>t  +  90°)  =  U 

y  y  y 

cos  «t  Is  applied  to  the  second  pair  of  plates  (Plg.  15-20),  the  corres¬ 
ponding  deflections  at  any  Instant  of  time  t  equals  : 


—  sin  to/ 


(15-16) 


and 


y  =  cos  mt. 


Squaring  the  right  and  left  sides  of  Eqs. 
adding : 


(15-17) 

(15-16)  and  (15-17)  and 


■*’  +  y  =  sin’  at  -j-  (/*  cos’  at. 


(15-18) 


If  which  can  always  be  done  by  selection  of  the 

amplitudes  of  the  sweep  voltages,  then  Eq.  (15-18),  connecting  the  x 
and  ]£  coordinates  of  the  position  of  the  bright  spot  on  the  screen,  may 
be  written  as  follows: 


X*  +  V*  =  y?’  (sin’  at  +  cos’  at)  =  y?’. 


(15-19) 
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Equation  (I5-I9)  is  the  equation  of  a  circle  with  a  radius  R, 
whose  center  lies  at  the  center  of  the  screen.  The  position  of  the 
bright  spot  on  the  screen  at  each  moment  of  time  is  determined  by  the 
radius  of  the  swept  circle  and  the  angle  9?  .  Clearly,  the  angle  cp  is 
proportional  to  the  time  ^  and,  consequently,  represents  the  time  in 
the  scale  of  frequency  of  the  sweep  If  in  addition  to  the  sweep 
voltage,  the  voltage  from  any  other  electric  signal  is  applied  to  one 
of  the  pairs  of  deflecting  plates,  the  beam  will  be  deflected  from  the 
sweep  circle;  the  change  in  the  angle  <p  will  be  an  indication  of  the  way 
in  which  the  applied  signal  depends  on  time. 

In  the  case  described,  the  deflection  of  the  beam  from  the  circle 
occurs  in  the  direction  of  one  of  the  coordinate  axes.  It  is  more  con¬ 
venient,  however,  to  study  electric  signals  with  a  radial  deviation  of 
the  electron  beam.  In  order  to  obtain  radial  deflection  with  a  circular 
sweep,  special  deflection  systems  are  used. 

One  possible  tube  design  for  a  radial -deflection  system  is  shown 
in  Pig.  15-21.  Here,  in  addition  to  the  deflecting  plates,  the  deflec¬ 
tion  system  contains  radial-deflection  electrodes  located  following  the 
deflection  plates,  and  taking  the  form  of  two  coaxial  hollow  truncated 
cones.  The  electric  field  formed  between  the  surfaces  of  the  inner  and 
outer  cones  deflects  the  beam  in  a  radial  direction  at  all  times. 
Circular  scanning  is  set  up  in  such  a  tube  by  the  method  described 
above,  and  the  signal  setting  up  radial  beam  deflection  is  applied  to 
the  radial -deflection  electrodes.  With  such  a  system,  the  magnitude  of 
the  radial  deflection  is  connected  nonllnearly  with  the  magnitude  of 
the  signal  voltage. 

Radial  beam  deflection  may  also  be  obtained  with  the  aid  of  another 
simpler  deflection-electrode  design  (Plg.  15-22).  The  radial -deflection 
electrode  takes  the  form  of  a  pin  sealed  into  the  center  of  the  tube 
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screen.  The  signal  voltage  that  deflects  the  beajn  in  the  radial  direc¬ 
tion  is  applied  between  the  pin  and  a  conducting  coating  that  Is  connect¬ 
ed  with  the  anode  of  the  tube. 

The  beam,  which  Is  swept  In  a  circle  with  the  aid  of  the  deflect- 


Plg.  15-21.  Dlagramatic 
representation  of  the 
arrangement  of  a  tube 
for  radial  deflection, 
accomplished  with  the 
aid  of  two  coaxial  con¬ 
ical  electrodes. 


Pig.  15-22.  Tube  with 


central  pin. 

1)  Conducting  coating; 

2)  radial -deflection  pin. 


Ing  plates.  Is  deflected  by  the  field  between  the  pin  and  the  con¬ 
ducting  coating.  A  drawback  to  this  design  In  comparison  with  the 
conical  electrodes  for  radial  deflection  Is  the  low  sensitivity  of  the 
pin  system,  caused  by  the  great  distance  between  the  central  pin  and 
the  coating. 

A  special  case  of  a  circular  sweep  with  radial  deflection  Is  the 
case  In  which  the  beam  Is  swept  over  a  radial -circular  raster.  Such  a 
sweep  may  be  obtained,  for  exaiT5)le,  with  the  aid  of  a  single  pair  of 
deflecting  colls  rotating  about  the  axis  of  the  tube.  If  the  current  In 
such  colls  Is  constant,  the  light  spot  will  move  along  a  circle  with  an 
angular  velocity  equal  to  the  angular  velocity  of  coll  rotation.  If  the 
current  In  the  rotating  coils  changes  periodically  (for  example.  If  the 
current  In  the  deflecting  colls  is  a  sawtooth),  the  maximum  and  mini¬ 
mum  values  of  deflecting  current  will  correspond  to  the  bright  spot 
being  positioned  respectively  In  the  center  of  the  screen  and  at  the 
greatest  distance  from  It,  so  that  the  bright  spot  will  be  simultaneously 
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shifted  along  a  radius  and  about  the  center.  If  the  period  of  rotation 
of  the  spot  Is  several  times  less  than  the  period  of  the  change  In  the 
deflecting  current,  the  electron  beam  will  be  swept  along  a  spiral. 

Where  the  deflecting  current  changes  with  a  small  period  In  comparison 
with  the  period  of  rotation,  the  raster  created  will  appear  as  a  bright 
radius  rotating  about  the  center  of  the  screen. 

The  types  of  electron-beam  scanning  described  above  are  very  wide¬ 
ly  utilized  In  practice,  but  do  not  exhaust  all  possible  types  of 
sweeps. 

15-5.  CATHODE -RAY  ITJEE  SCREENS. 

Many  materials  begin  to  give  off  light  under  the  Influence  of 
electron  bombardment.  This  phenomenon  Is  known  as  cathode  luminescence, 
and  materials  that  glow  Intensely  under  electron  bombardment  are  called 
cathode  phosphors. *  A  layer  of  phosphor  applied  to  the  glass  end  of  a 
cathode -ray  tube  envelope  forms  the  screen. 

The  light  from  cathode -ray  tube  screens  Is  observed  on  the  side 
opposite  to  that  which  Is  bombarded  by  the  electrons.  Clearly,  the 
thickness  of  the  layer  of  phosphor  should  be  such  that,  first.  It  Is 
greater  than  the  depth  of  penetration  of  the  electrons,  since  If  this 
were  not  the  case,  the  electincns  of  the  beam  would  strike  the  glass  of 
the  envelope,  giving  up  their  energy  to  It  and,  second,  the  layer  should 
be  sufficiently  thin  that  the  glow  excited  by  the  electrons  Is  not 
strongly  absorbed  as  the  light  passes  through  the  layer.  The  depth  of  ^ 
penetration  of  electrons  Into  a  layer  of  phosphor  depends  upon  the 
energy  of  the  electrons  and  the  properties  of  the  phosphor.  Thus,  the 


*  Phosphors  are  defined  as  substances  that  may  be  excited  so  as  to  give 
off  light  by  various  external  energy  sources  (ultraviolet  radiation, 

X  rays,  etc. ).  In  this  case,  we  are  concerned  solely  with  cathode-ray 
phosphors. 
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thickness  of  the  phosphor  layer  Is  selected  In  each  Individual  case  as 
a  function  of  the  type  of  tube  and  its  operating  regime. 

The  basic  specifications  for  a  phosphor  are: 

1.  The  phosphor  should  efficiently  convert  the  energy  of  the  elec¬ 
trons  Into  Ixunlnous  energy. 

2.  The  phosphor  should  give  light  of  the  required  color. 

3.  The  phosphor  should  have  good  vacuum  properties,  l.e.,  should 
volatilize  little  In  a  vacuum,  should  be  sufficiently  heat  resistant, 
and  capable  of  good  outgasslng. 

4.  The  useful  life  and  stability  of  phosphor  properties  should 
provide  for  normal  operation  of  the  cathode -ray  tube  for  the  established 
service  life. 

In  addition  to  the  requirements  enumerated,  the  most  Important 
characteristic  of  phosphors  Is  their  persistence,  l.e.,  the  time  during 
which  the  phosphor  still  glows  after  electrons  have  ceased  to  act  upon 
It.  As  a  rule,  the  persistence  is  assumed  to  be  the  time  required  for 
the  brightness  to  drop  (after  excitation  has  ceased)  to  one  per  cent  of 
the  Initial  value. 

For  the  majority  of  phosphors,  their  basic  properties  are  deter¬ 
mined  by  the  presence  of  admixtures  that  are  called  activators.  These 
activators  Influence  the  conversion  efficiency  with  which  electron 
energy  Is  converted  Into  light  energy,  the  color  given  off  by  the 
phosphor,  and  the  persistence.  By  changing  the  amount  of  activator  In 
a  phosphor,  or  the  type  of  activator,  it  Is  possible  to  change  the 
properties  of  the  phosphor. 

The  basic  materials  used  for  phosphors  are  as  follows : 

1)  Sulfides,  l.e.,  compounds  of  certain  materials  with  sulphur, 
and  mixtures  of  these  compounds; 

2)  silicates,  l.e.,  salts  of  silicic  acid  and  their  mixtures; 


3)  tungstates,  l.e.,  salts  of  tungstic  acid. 

In  addition,  zinc  oxide,  selenldes,  and  many  other  materials  may 
be  used  as  phosphors.  Admixtures  of  metals  are  normally  used  as  acti¬ 
vators.  The  most  common  activators  are  silver,  manganese,  and  copper. 


Pig.  15-23.  Sample  curve  showing 
the  dependence  of  light  yield  on 
accelerating  voltage. 

1)  Relative  units;  2)  accelerating 
voltage,  V. 

One  of  the  most  Important  parameters  of  a  phosphor  screen  Is  Its 
light  output,  determining  the  efficiency  with  which  electron  energy  Is 
converted  Into  light  energy.  Light  output  Is  determined  by  the  candle 
power  delivered  by  the  screen  per  watt  of  power  attributable  to  bom¬ 
bardment  by  electrons,  and  Is  normally  measured  by  candles  per  watt 
(candles/watt).  The  light  output,  which  depends  upon  the  properties  of 
the  phosphor  used  for  the  screen,  also  In  great  degree  depends  upon  the 
structure  of  the  screen  and  the  method  used  to  apply  the  phosphor.  The 
fact  of  the  matter  Is  that  a  portion  of  the  luminous  flux  produced  by 
the  phosphor  when  excited  by  electron  bombardment  may  be  absorbed  In 
the  phosphor  layer  and  In  the  glass  of  the  screen,  reflected  from  the 
surface  of  the  glass,  etc.  Thus,  In  order  to  specify  the  magnitude  of 
light  output.  It  Is  necessary  to  specify  the  conditions  under  which  the 
screen  Is  to  be  used. 

The  candle  power  delivered  by  a  screen  equals  the  product  of  the 
light  output  by  the  power  of  the  electron  beam: 
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(15-20) 


where  L  Is  the  light  output;  is  the  power  of  the  beam,  equal  to  the 
product  of  the  beam  current  by  the  magnitude  of  the  potential  differ¬ 
ence  through  which  the  electrons  have  fallen  (the  accelerating  voltage). 

Consequently,  when  the  beam  current  or  the  accelerating  voltage 
is  Increased,  there  should  be  a  proportional  rise  In  the  screen  candle 
power.  Since  the  magnitude  of  the  light  output  Itself  does  not  remain 
constant,  however,  when  the  accelerating  voltage  and  beam  current  change, 
the  relationship  between  candle  power  and  beam  power  turns  out  to  be 
nonlinear. 

The  light  output  of  screen  phosphors  Is  strongly  dependent  upon 
electron-beam  energy:  as  the  accelerating  voltage  rises,  light  output 
Increases;  the  dependence  of  light  output  upon  accelerating  voltage. 

In  this  case.  Is  nonlinear  for  the  majority  of  phosphors.  Figure  15-23 
shows  a  sample  curve  representing  light  output  as  a  function  of  ac¬ 
celerating  voltage. 


Pig.  15-24.  Sa^^)le  spectral  character¬ 
istics  of  screens. 

l)  Type  M  screen  (CaWO^^);  type  A  screen 
(ZnS:Ag);  3)  type  I  screen  (ZngSlOtMn); 
a)  relative  Intensity,  per  cent. 
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For  small  beam-current  densities  (up  to  1-2  jua/cm  ),  the  magnitude 
of  the  light  output  Is  independent  of  the  current  density,  and  the 
candle  power  rises  In  proportion  to  the  beam  current.  For  large  current 
densities,  the  light  output  drops  somewhat  as  current  density  rises  and, 
consequently,  screen  candle  power  rises  more  slowly  than  does  beam 
current.  This  phenomenon  Is  called  current  saturation. 

In  practice,  the  electron  beam  Is  continuously  shifted  over  some 
portion  of  the  surface  of  the  tube  screen  with  a  predetermined  velocity. 
The  visibility  of  the  electron-beam  track  is  In  this  case  determined 
not  by  the  candle  power  delivered  by  the  entire  surface  of  the  screen 
that  has  been  subjected  to  electron,  excitation,  but  by  the  brightness, 
which  Is  determined  by  the  ratio  of  the  total  candle  power  to  the 
area  of  the  glowing  surface.  The  greater  the  surface  area  excited  by 
the  electron  beam  per  unit  time,  the  greater  must  be  the  beam  power  In 
order  to  obtain  the  required  brightness  (given  constant  light  output). 

A  second  Important  characteristic  of  screens  Is  the  spectral 
composition  of  the  light.  The  distribution  of  radiant  energy  of  phos¬ 
phors  (intensity  of  luminescence)  over  the  wave-length  spectrum  Is 
represented  by  the  spectral  characteristics  of  the  phosphors.  Figure 
15~24  gives  examples  of  such  spectral  characteristics  for  certain 
screens.  It  Is  easily  seen  that  phosphors  have  a  well  defined  maximum 
Intensity  of  luminescence.  The  wavelength  of  the  light  that  corresponds 
to  maximum  Ivimlnescence  Intensity  Is  one  of  the  parameters  of  a  phosphor. 
In  some  cases.  It  Is  possible  to  shift  the  spectral  characteristics 
In  the  required  direction  by  proper  choice  of  filters  located  In  front 
of  the  screen. 

Where  the  color  required  differs  from  the  color  of  phosphors  In 
use,  a  mixture  of  phosphors  Is  applied  to  the  screen.  Thus,  for  example, 
for  the  screens  of  television  picture  tubes  which  have  a  white  lumlnes- 
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cence,  a  mixture  of  phosphors  is  used  whose  components  taken  separate¬ 
ly  give  blue  and  yellow  Iximlnescences.  The  resultant  spectral  character 
Istlc  of  such  a  screen  Is  shown  in  Fig.  15-25. 

The  double  layer  or  "cascade"  screens  form  a  separate  group.  A 


Pig.  15-25.  Spectral  characteristics 
of  two -component  B  screen.  The  dashed 
line  shows  the  spectral  characteris¬ 
tics  of  the  component  phosphors. 

1)  Relative  intensity,  per  cent. 

screen  of  this  type  takes  the  form  of  two  layers  of  phosphor  applied 
to  glass.  The  upper  layer  of  phosphor,  facing  the  electron  gun,  is 
excited  by  electron  bombardment.  The  ultraviolet  portion  of  the  lumlnes 
cence  of  this  phosphor  in  turn  excites  the  second  layer  of  phosphor 
(applied  to  the  glass).  The  basic  property  of  this  type  of  screen  is 
the  long  persistence  of  the  phosphors  excited  by  ultraviolet  radiation 
rather  than  by  electron  bombardment.  An  example  of  a  cascade-type 
screen  is  the  screen  that  consists  of  a  layer  of  a  mixture  of  zinc  and 
cadmlvim  sulphide,  activated  by  copper,  which  gives  a  yellow  light,  and 
a  layer  of  zinc  sulphide,  activated  by  silver,  applied  over  the  first 
layer,  and  giving  a  blue  light.  Under  the  action  of  the  electron  beam, 
the  second  layer  radiates  blue  light  and  simultaneously  excites  the 
first  layer  which  gives  yellow  light.  As  a  result,  the  resultant  screen 
luminescence  is  white.  When  electron  excitation  ceases,  the  blue  con?)o- 
nent  is  eliminated,  and  a  yellow  after-glow  remains. 
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TABLE  15-1. 

Properties  of  certain  cathode -ray  tube  screens. 
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l|  Designation;  2)  characteristic  of  layer; 

3)  composition  of  phosphor;  4)  color;  5)  maximum 
In  spectral  curve.  A;  6)  persistence;  7}  basic 
application;  8)  single  layer;  9)  single  layer- 
double  component;  10^  two -layer,  cascade; 

11 I  single  layer;  12)  single  layer;  13)  blue; 
l4)  white;  15}  white;  16)  green;  17)  azure 
blue;  18)  short;  19)  short;  20)  long:  21)  medium; 

22)  short;  23)  oscilloscope  tube;  24)  direct- 
viewing  picture  tubes;  25;  indicator  tube; 

26)  oscilloscope  and  indicator  tubes;  27)  oscil¬ 
loscope  tubes. 

On  the  basis  of  persistence,  all  screens  are  arbitrarily  divided 

Into  five  groups:  very  short -persistence  phosphors  —  persistence  less 
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than  10  sec,  short -persistence  —  from  10  to  0.01  sec,  medium- 

persistence  —  from  0.01  to  0.1  sec,  long -persistence  —  from  0.1  to 
l6  sec,  and  very-long -persistence,  above  l6  sec.  The  choice  of  a  phos 
phor  with  respect  to  persistence  Is  determined  by  the  function  of  the 
tube. 


Basic  data  for  the  most  common  phosphors  are  given  In  Table  15-1. 

The  electrical  resistance  of  phosphors  Is  very  high,  and  for  all 
practical  purposes  they  may  be  assumed  to  be  Insulators.  Thus,  elec¬ 
trons  arriving  at  the  screen  are  carried  off  solely  as  a  result  of 
secondary  emission  from  the  screen,  occurring  as  a  result  of  the  elec 
tron  bombardment.  The  secondary  electrons  emitted  from  the  surface  of 
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the  screen  move  toward  the  anode  of  the  tube;  In  order  to  improve  con¬ 
ditions  for  removing  secondary  electrons,  a  conducting  coating  (nor¬ 
mally  aquadag)  is  applied  to  the  Inside  surface  of  the  tube  envelope. 


Pig.  15-26.  Screen  secondary- 
emission  coefficient  as  a  func¬ 
tion  of  the  voltage  accelerating 
the  primary  electrons. 

Uuslc,  V 

The  secondary -emission  coefficient  of  Insulators,  as  well  as  for 
conducting  surfaces,  depends  upon  the  energy  (velocity)  of  the  primary 
electrons.  Figure  15-26  gives  a  sample  curve  illustrating  the  dependence 
of  the  secondary -emission  coefficient  of  an  Insulator  upon  the  accelerat¬ 
ing  voltage,  which  determines  the  energy  of  the  primary  electrons.  As 
the  prlm.ary -electron  energy  Increases,  the  secondary -emission  coefficient 
rapidly  rises,  reaching  a  maxlmxim  at  a  primary-electron  energy  on  the 
order  of  300-800  ev,  and  then  begins  to  drop  slowly.  The  secondary- 
emission  coefficient  becomes  equal  to  one  at  two  values  of  accelerating 
voltage:  at  point  A  and  at  point  B  (Plg.  15-26). 

If  the  secondary -emission  coefficient  of  a  screen  does  not  equal 
one  for  an  accelerating -voltage  value,  the  screen  will  store  charges 
until  its  potential  becomes  such  that  the  velocity  of  the  electrons 
arriving  at  the  screen  either  corresponds  to  a  =  1,  or  turns  out  to 
equal  zero,  l.e.,  the  total  screen  current  becomes  zero.  When  this 
happens,  further  storage  of  charges  on  the  screen  ceases.  Thus,  where 
the  accelerating  voltage  on  the  anode  of  the  tube  lies  between  zero  and 
U^,  the  secondary -emission  coefficient  Is  less  than  one  and,  consequent - 
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ly,  the  number  of  Incoming  electrons  Is  greater  than  the  number  of 
secondary  electrons.  Negative  charges  begin  to  be  stored  on  the  screen 
until  the  difference  In  potential  between  the  tube  anode  and  the  screen 
becomes  equal  to  the  potential  difference  between  the  anode  and  the 
cathode,  l.e.,  until  the  screen  potential  becomes  equal  to  the  cathode 
potential.  When  this  happens,  the  electrons  lose  all  of  their  velocity 
on  the  path  from  anode  to  screen,  and  screen  current  ceases.  Por  anode, 
voltages  from  to  Ug,  the  secondary -emission  coefficient  becomes 
greater  than  one,  and  the  screen  becomes  positively  charged  until  Its 
potential  becomes  comparable  with  the  anode  potential,  or  turns  out  to 
be  1-2  volts  greater.  When  this  happens,  the  excess  secondary  electrons 
return  to  the  screen,  and  an  equality  Is  set  up  between  the  number  of 
electrons  arriving  at  the  screen  and  the  number  traveling  from  the 
screen  to  the  anode.  In  this  case,  the  energy  of  the  electrons  arriving 
at  the  screen  and,  consequently,  the  brightness  of  the  screen  as  well, 
will  be  determined  by  the  anode  voltage. 

If  the  anode  voltage  of  the  tube  becomes  greater  than  Ug,  and  the 
secondary-emission  coefficient  Is  less  than  one,  as  a  result  of  the 
storage  of  charges  on  the  screen.  Its  potential  becomes  equal  to  Ug, 
and  the  electrons  In  the  beam  are  retarded  as  they  travel  from  anode  to 
screen  to  a  velocity  corresponding  to  this  potential.  Consequently,  a 
further  Increase  In  anode  voltage  will  not  Increase  the  energy  of  the 
electrons  Incident  upon  the  screen  or  the  brightness  of  the  screen. 

The  magnitude  of  the  potential  Ug,  which  depends  upon  the  properties 
of  the  phosphor  and  which  Is  called  the  maximum  phosphor  potential, 
limits  the  possible  Increase  In  screen  brightness  that  can  result  from 
an  Increase  In  accelerating  voltage. 

The  maximum  potential  for  tube  screens  differs  from  the  maximum 
potential  of  the  phosphor  employed,  since  In  the  formation  of  secondary 
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emission,  the  surface  of  the  glass  of  the  screen  Is  Involved,  and  In 
addition,  the  shape  of  the  secondary -emission  characteristic  may  change 
as  a  result  of  the  Incidence  upon  the  phosphor  surface  of  particles  of 
getter  and  various  contaminants.  The  msjclmvim  potential  changes  over  the 
useful  service  life  of  the  tube.  In  addition,  owing  to  changes  In  the 
properties  of  the  phosphor  under  electron  and  Ion  bombardment,  gas  evo¬ 
lution  from  parts  of  the  tube,  etc.  As  a  rule,  the  maximum  screen  po¬ 
tential  drops  over  the  useful  service  life,  and  brightness  gradually 
decreases. 

In  order  to  eliminate  the  effect  of  the  maximum  screen  potential, 
which  Is  especially  Important  for  tubes  with  high  accelerating  voltages 
(greater  than  8-10  kv),  a  conducting  coating  Is  applied  to  the  Inside 
surface  of  the  screen  In  the  form  of  a  thin  metal  film  which  Is  quite 
transparent  to  the  electron  beam.  A  material  very  commonly  used  to 
form  such  a  film  Is  alvimlnum,  applied  to  the  surface  of  a  screen  by 
evaporating  It  by  rapid  heating  In  the  evacuated  envelope,  on  the  bottom 
of  which  the  phosphor  has  first  been  applied.  The  thickness  of  such  an 
aluminum  film  varies  from  0. 5  to  3  microns  and  more,  depending  upon  the 
accelerating  voltage.  The  metal  film  is  connected  with  the  tube  anode 
and,  consequently,  the  screen  Is  always  at  a  potential  equal  to  the 
anode  potential. 

The  advantage  of  a  screen  with  a  thin  metal  film  lies  not  only  In 
the  fact  that  the  effect  of  the  maximum  phosphor  potential  Is  neutral¬ 
ized,  but  also  lies  In  an  Increase  In  the  light  output  owing  to  reflec¬ 
tion  from  this  layer  of  radiation  directed  toward  the  Interior  of  the 
tube.  There  Is  some  loss  In  light  output  owing  to  a  partial  loss  of 
energy  of  electrons  In  the  metal  film,  but  this  Is  compensated  by  an 
Increase  In  the  llgho  from  the  radiation  reflected  from  the  film.  The 
utilization  of  such  a  reflecting  metal  film  may  yield  an  Increase  In 
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light  output  (for  thin  films)  of  up  to  20-25  per  cent. 

In  addition,  the  metal  film,  which  protects  the  phosphor  against 
damage,  increases  the  service  life  of  the  screen.  An  important  factor 
in  screen  damage  is  screen  bombardment  by  negative  ions  produced  by  the 
oxide -coated  cathode  of  the  tube,  for  example,  by  ions  of  oxygen  liberat 
ed  as  a  result  of  electrolysis  of  the  cathode  oxide.  Such  ions,  which 
possess  high  mass  in  comparison  with  electrons,  strike  the  screen  with 
great  energy,  and  distort  the  crystals  of  the  phosphor.  In  tubes  with 
magnetic  focusing  and  deflection,  negative  ions  move  toward  the  screen 
in  a  diverting  beam,  since  the  deflecting  and  focusing  effect  of  a  mag¬ 
netic  field  is  less  the  greater  the  mass  of  the  moving  charged  particle, 
and  the  magnetic  field,  focusing  and  deflecting  electrons,  has  prac¬ 
tically  no  effect  upon  the  path  of  motion  of  the  ion.  As  a  result,  a 
spot  is  formed  in  the  center  of  the  screen  under  the  action  of  ion  bom¬ 
bardment;  this  spot  has  a  considerably  lowered  brightness,  and  is  called 
an  ion  burn.  In  tubes  with  electrostatic  focusing  and  deviation,  the 
paths  of  the  negative  ions  are  similar  to  the  paths  of  the  electrons, 
and  a  gradual  attack  on  the  entire  surface  of  the  screen  results  from 
ion  bombardment. 

The  metal  film  protects  the  phosphor  against  ion  bombardment.  The 
film  thickness  needed  for  this  depends  upon  the  accelerating  voltages. 

In  some  cases,  protection  against  the  appearance  of  an  ion  burn  is  possl 
ble  only  where  the  film  is  so  thick  that  the  light  output  of  the  screen 
drops  by  15-20  per  cent  owing  to  the  energy  lost  by  the  electrons  in  the 
film. 

15-6.  OSCILLOSCOPE  AND  RADAR -INDICATOR  CATHODE-RAY  TUBES. 

As  we  have  indicated  above,  the  position  of  the  bright  spot  on  the 
screen  of  a  cathode -ray  tube  is  determined  at  any  moment  of  time  by  the 
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Instantaneous  values  of  the  deflecting  voltages.  On  the  other  hand, 
the  rate  of  motion  of  the  bright  spot  over  the  screen  depends  upon  the 
rate  of  change  of  the  deflecting  voltages.  This  property  of  cathode-ray 
tubes  makes  It  possible  to  utilize  them  as  measuring  devices  In  Investi¬ 
gations  of  changing  electrical  processes.  A  tube  with  a  linear  electron- 
beam  sweep  may  be  used  as  such  a  measuring  device.  If  to  one  pair  of 
plates  the  periodic  voltage  to  be  measured  Is  applied,  and  to  the  second 
a  sawtooth  voltage  Is  applied  whose  amplitude  and  period  are  known,  on 
the  basis  of  the  scanning.  It  Is  possible  to  obtain  comprehensive  In¬ 
formation  on  the  measured  voltage.  The  direction  In  which  the  beam  Is 
swept  by  the  sawtooth  voltage  may  be  taken  as  a  time  axis,  since  the  de¬ 
flection  of  the  bright  spot  In  this  direction  Is  a  linear  function  of 
time  (within  a  single  cycle),  while  the  deflection  In  the  perpendicular 
dl2?ectlon  Indicates  the  Instantaneous  value  of  the  measured  voltage  as 
scaled  by  the  sensitivity.  Thus,  It  Is  possible  to  determine  the  fre¬ 
quency,  amplitude,  and  nature  of  change  In  a  measured  periodic  voltage. 

In  like  manner.  It  Is  possible  to  study  nonperiodic  or  transient 
(one-time)  processes.  Since  In  this  case  the  motion  of  the  bright  spot 
over  the  screen  does  not  repeat  Itself  and,  consequently,  a  stable  repre¬ 
sentation  of  the  measured  voltage  does  not  appear  on  the  screen.  In 
order  to  Investigate  such  processes  It  Is  necessary  to  use  a  tube  having 
long  screen-persistence,  or  to  photograph  the  trace  of  the  bright  spot. 

Cathode-ray  tubes  designed  to  record  alternating  processes  con¬ 
verted  to  electric  signals,  visually  or  by  means  of  a  photographic 
record,  are  called  respectively  oscilloscope  or  oscillograph  tubes.* 

The  region  of  application  of  the  tubes  also  determines  the  requirements 


*  Prom  now  on,  we  shall  refer  to  oscilloscope  and  oscillograph  tubes  as 
oscillograph  tubes. 
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applying  to  tube  parameters. 


An  important  charaGteristlc  of  an  oscillograph  tube  is  Its  re¬ 
solving  power,  detemilned  by  the  width  of  the  bright  line.  The  width  of 
the  bright  line  basically  depends  upon  the  quality  of  the  tube  focusing 
system.  It  is  very  important  that  the  width  of  the  bright  line  near  the 
center  of  the  tube  differ  little  from  Its  width  near  the  edges.  A 
change  In  line  width  upon  deflection  Is  caused  by  beam  defocuslng, 
the  causes  of  which  were  considered  above.  The  line  width  at  a  specific 
distance  from  the  center  of  the  screen  Is  frequently  taken  as  a  parameter 
for  electrostatic -deflection  tubes.  For  tubes  with  magnetic  deflection, 
only  the  line  width  at  the  center  Is  taken  Into  consideration,  since  the 
degree  of  beam  defocuslng  upon  deflection  depends  strongly  upon  the 
external  deflecting  system.  As  has  already  been  said,  with  magnetic 
deflection,  beam  defocuslng  Is  easily  decreased  and,  consequently, 
bright -line  width  Is  easily  made  smaller. 

Certain  parameters  of  oscillograph  tubes  are  connected  with 
screen  liimlnescence.  Among  these  parameters  are  screen  brightness 
at  a  given  value  of  beam  current,  luminescence  color  for  the  spectral 
characteristic,  the  color  and  persistence  of  afterglow. 

Where  the  beam  current  remains  constant,  brightness  depends  upon 
screen  properties  and  the  energy  of  the  electrons  in  the  beam,  which  Is 
determined  by  the  accelerating  voltage.  In  many  cases.  In  order  to  ob¬ 
tain  the  required  brightness,  it  proves  necessary  to  Increase  the  ac¬ 
celerating  voltage.  Thus,  for  example,  this  Is  necessary  for  tubes  de¬ 
signed  to  record  one-time  high-speed  processes.  When  the  beam  moves 
over  the  screen  at  very  high  rates  of  speed,  brightness  decreases, 
since  the  mean  density  of  the  current  on  the  screen  proves  to  be  very 
small.  An  Increase  In  electron  energy,  however,  owing  to  an  Increase  In 
voltage  on  the  electron-gun  anode  leads  to  a  decrease  In  sensitivity. 
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In  cases  where  it  Is  necessary  to  Increase  electron-beam  energy 
with  no  loss  of  sensitivity  In  deflection,  an  additional  acceleration 
of  beeun  electrons  Is  used  after  they  have  passed  through  the  deflecting 


Fig.  15-27-  Refraction  of  deflected 
beam  by  the  field  of  the  lens  formed 
between  the  second  and  third  anodes, 
l)  Deflection  plates;  2)  second  anode; 

3)  third  anode. 

plates;  this  Is  called  after-acceleration.  For  this  purpose,  rings  of 
a  conducting  coating  (normally  aquadag)  are  applied  to  the  Inside  walls 
of  the  wider  section  of  the  tube  envelope;  the  rings  are  Insulated  from 
the  conducting  coating  that  Is  connected  to  the  second  anode  of  the 
tube.  A  voltage  considerably  higher  than  the  second-anode  voltage  (by 
a  factor  of  1.5-2,  approximately)  Is  applied  to  the  conducting  rings. 

In  order  to  avoid  arcing  between  the  after-acceleration  rings  and  the 
conducting  coating  that  Is  connected  to  the  second  anode,  the  surface 
of  the  glass  between  them  Is  covered  with  a  semiconductor  having  high 
resistivity  (normally  chromlxan  oxide  or  Iron  oxide). 

Under  the  action  of  the  accelerating  field  of  this  coating,  which 
Is  a  third  anode  of  the  tube,  the  electrons,  which  have  already  been 
deflected,  receive  additional  energy  on  their  path  to  the  screen. 

The  after -acceleration  electrode  (third  anode),  together  with  the 
conducting  coating  that  Is  connected  with  the  second  anode  of  the 
electron  gun,  forms  an  electrostatic  lens  (Fig.  15-27).  This  lens, 
refracting  the  electron  beam,  shifts  It  somewhat  toward  the  center  of 
the  screen,  owing  to  which  the  deflection  sensitivity  Is  somewhat  de- 
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creased.  In  addition,  the  lens  produces  additional  distortion  In  beam 
deflection.  Clearly,  the  effect  of  this  lens  on  the  position  of  the 
bright  spot  on  the  screen  will  be  less  for  small  deflections  of  the 
electron  beam  by  the  deflecting  plates  than  for  large  deflections. 

In  order  to  eliminate  the  distortion  Introduced  by  after  accelera 
tlon,  multiple  after  acceleration  Is  utilized,  set  up  by  a  series  of 
conducting  rings  whose  potential  Is  gradually  Increased  to  a  maximum 
potential  equal  to  the  required  third-anode  potential.  With  relatively 
small  changes  In  potential  from  ring  to  ring,  the  refracting  action  of 
the  lens  formed  by  them  turns  out  to  be  small.  The  widened  section  of 
the  tube  envelope,  with  the  after-acceleration.  Is  made  cylindrical  In 
shape,  which  Increases  the  diameter  of  this  lens,  and,  consequently, 
decreases  field  nonuniformity  In  the  region  where  the  beam  passes 
through  the  lens. 

The  choice  of  luminescence  parameters  Is  determined  by  tube 
function.  Thus,  In  tubes  Intended  for  visual  observation  of  alternat¬ 
ing  electric  processes  without  photography,  screens  with  green  or 
orange  luminescence  are  normally  used,  while  In  tubes  which  are  to  be 
photographed,  screens  with  blue  or  azure-blue  luminescence  are  used, 
since  they  have  the  maximum  effect  upon  the  light-sensitive  emulsion. 

The  choice  of  persistence  Is  dictated  by  the  nature  of  the  elec¬ 
tric  processes  being  studied.  In  studying  periodic,  slowly  varying 
processes,  screens  are  utilized  that  have  short  and  medliun  persistence 
while  tubes  for  visual  Investigation  of  nonperiodic  or  transient  pro¬ 
cesses  use  long -persistence  screens.  In  this  case.  It  Is  as  If  the 
beam  trace  whose  motion  corresponds  to  the  rapidly  occurring  process 
were  written  on  the  screen  of  the  tube. 

A  special  type  of  tube  with  controlled  persistence  Is  the  dark- 
trace  tube  —  the  sklatron.  In  these  tubes.  Instead  of  phosphors,  a 
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material  Is  applied  to  the  screens  which  changes  color  under  electron 
bombardment;  such  a  material  Is  potassliun  chloride  (KCl),  whose  crystals 
turn  violet  for  a  long  period  of  time  under  the  action  of  an  electron 
beam  (when  the  screen  Is  llliunlnated  with  white  light). 

To  remove  an  Image  from  such  a  screen.  It  Is  necessary  to  heat  It 
or  to  subject  It  to  an  electric  field;  the  first  method  Is  the  more 
common.  The  rate  of  decrease  In  Image  contrast  depends  upon  the  heating 
temperature.  Heating  Is  carried  out  either  by  means  of  an  external 
source  of  heat,  or  by  passing  an  electric  current  through  a  transparent 
metal  film  which  serves  as  a  backing  for  the  layer  of  potassliim  chloride. 
In  this  case,  the  screen  Is  applied  not  to  the  glass  at  the  end  of  the 
envelope,  but  to  a  mica  plate  that  Is  first  coated  with  the  metal  film. 
By  decreasing  the  heating  current  through  the  backing.  It  Is  possible 
to  vary  screen  persistence  from  comparatively  small  values  (several 
seconds)  to  hours  and  days.  Such  tubes  are  designed  to  record  non¬ 
periodic,  not -too -rapid  processes.  Thus,  for  example,  the  photograph 
of  the  reverse  side  of  the  moon  taken  by  the  first  Soviet  automatic 
Interplanetary  station  In  1959  was  recorded  on  sklatron  screens. 

Parameters  of  cathode nnodulator  unit  of  a  tube.  Among  such  para¬ 
meters  are  the  cutoff  voltage  on  the  modulator  and  the  amount  of  modu¬ 
lation. 

The  cutoff  voltage,  which  under  given  conditions  depends  upon  the 
relative  arrangement  of  cathode,  modulator,  and  accelerating  electrode, 
determines  the  required  power-supply  voltage. 

In  this  case,  by  modulation  we  mean  the  difference  In  value  be¬ 
tween  the  cutoff  voltage  and  the  voltage  on  the  modulator  that  corres¬ 
ponds  to  the  nominal  value  of  beam  current.  Modulation  characterizes 
the  controlling  action  of  the  modulator  on  the  magnitude  of  the  beam 
current,  and  depends  upon  the  geometric  dimensions  of  the  electron-gun 
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and  upon  the  emission  properties  of  the  cathode.  For  oscillograph 
tubes,  the  modulation  is  an  aiixlllary  parameter  characterizing  cathode 
quality. 

Deflection-system  parameters.  The  deflection  sensitivity  is  the 
basic  deflection-system  parameter.  This  parameter  is  meaningful  for 
tubes  with  electrostatic  deflection,  since  deflection  sensitivity  in 
tubes  with  magnetic  deflection  to  a  large  degree  depends  upon  the  struc¬ 
ture  and  parameters  of  the  deflection  system.  Tne  attainable  sensitivity 
of  a  tube  with  magnetic  deflection  is  determined  by  the  construction  of 
the  tube  Itself,  l.e.,  the  accelerating  voltage  and  tube  geometry  (dis¬ 
tance  from  neck  of  tube  to  screen,  diameter  of  neck  and  distance  from 
electron  gun  to  beginning  of  conical  section  of  envelope). 

Tube  auxiliary  parameters.  The  auxiliary  parameters  Include  quan¬ 
tities  that  determine  possible  operating  regimes  of  tubes  and  circuits. 
Such  parameters  are  the  Insulation  resistance  between  tube  electrodes 
(or  the  magnitude  of  leakage  currents  between  electrodes  in  a  given 
regime),  and  Interelectrode  capacitances. 

In  addition,  for  tubes  with  electrostatic  focusing,  the  limits  of 
variation  in  first -anode  voltage  v/ithln  which  the  best  beam  focusing  is 
obtained  should  be  specified. 

Tube  service  life.  Tube  failure,  as  a  rule,  is  connected  either  with 
destruction  of  the  screen,  or  with  a  deterioration  in  cathode  emission 
properties  (especially  in  the  center  of  the  oxide -coated  section).  A 
criterion  of  lifetime  is  normally  the  change  in  screen  brightness  under 
given  tube  operating  conditions.  In  addition,  the  width  of  the  bright 
line  may  be  used  as  a  criterion  of  lifetime.  A  change  in  width  upon  de¬ 
terioration  in  cathode  emission  is  caused  by  the  fact  that,  in  this  case, 
it  is  necessary  to  Increase  the  modulator  voltage  to  obtain  the  required 
beam  current.  This  results  in  an  Increase  in  the  size  of  the  (emitting) 
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surface  of  the  cathode  used  and,  correspondingly.  In  the  size  of  the 
bright  spot. 

In  addition  to  the  oscillograph  cathode -ray  tubes  described,  there 


Fig.  15-28.  Example  of  construction 
of  two -beam  oscillograph  tube. 

are  others  as  well,  utilized  In  various  special  measuring  devices.  Of 
these  designs,  let  us  take  note  of  the  double -trace  oscilloscope  tubes. 

A  double-trace  oscilloscope  tube  (Plg.  15-28)  Is  designed  for 
comparative  study,  at  the  same  time,  of  two  alternating  electric  pro¬ 
cesses.  The  tube  has  two  electrooptlcal  systems,  whose  optical  axes 
meet  at  the  center  of  the  screen.  In  the  design  shown  In  Pig.  15-28, 
the  second  anodes  of  both  optical  systems  are  connected,  while  the 
first  anodes,  modulators,  and  deflection  plates  are  supplied  separately. 

Generally  speaking.  It  Is  possible  to  construct  oscillograph 
tubes  with  more  than  two  beams.  Such  multibeam  designs  are  utilized  In 
special  measuring  Instruments  that  record  several  alternating  processes 
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simultaneously. 

Cathode -ray  tubes  are  widely  utilized  as  radar  Indicators. 

The  probing  pulse  sent  out  by  the  radar  transmitter  and  the  echo 
pulse  returning  after  reflection  are  applied  to  a  single  pair  of  de¬ 
flecting  plates  In  a  cathode -ray  tube^  while  a  sawtooth  sweep  Is  applied 
to  the  second  palrj  the  sweep  voltage  Is  equal  In  period  to  the  probing- 
pulse  signals.  The  position  of  the  probing  pulse  on  the  screen  of  the 
Indicator  tube  remains  unchanged,  while  the  location  of  the  echo  pulse 
along  the  sweep  line  depends  upon  the  distance  to  the  object  observed. 

As  we  have  said  above,  sweeping  the  electron  beam  with  a  sawtooth 
voltage  forms  a  time  axis;  the  length  of  the  line  drawn  on  the  screen 
by  the  bright  spot  as  a  result  of  the  action  of  the  sweep  voltage  re¬ 
flects  the  period  of  the  sweep  voltage  In  the  scale.  This  axis  may  be 
graduated  In  distance  units,  and  the  distance  to  the  observed  object 
may  be  measured  from  the  screen.  Such  a  device  Is  called  a  range  Indi¬ 
cator. 

Either  standard  oscilloscope  tubes  may  be  used  In  range  Indicators, 
or  tubes  with  circular  sweeps  and  radial  deflection,  which  permit  a  more 
accurate  measurement  of  distance  since  In  such  tubes  the  time -sweep  line 
Is  longer. 

In  addition  to  Indicators  In  which  the  echo  pulse  deviates  the 
bright  spot  on  the  screen  (indicators  with  amplitude  marking).  Indica¬ 
tors  are  used  that  have  brightness  marking.  In  which  the  echo  pulse  Is 
applied  to  the  tube  modulator,  which  produces  a  point  whose  brightness 
Is  considerably  greater  than  the  brightness  of  the  screen  as  a  whole  at 
the  Instant  that  the  echo  pulse  arrives  at  the  screen.  In  such  Indicators, 
two  sawtooth  sweep  voltages  are  applied  to  the  deflection  plates  or 
colls;  this  forms  on  the  screen  a  raster  consisting  of  a  group  of 
horizontal  or  vertical  lines.  The  receiving  device  for  such  a  radar 
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Installation  has  a  directional  antenna  that  rotates  about  Its  vertical 
axis.  The  period  of  one  of  the  sweep  voltages  equals  the  tine  required 
for  one  revolution  of  the  antenna.  Consequently,  the  shift  In  the  very 
bright  point  In  the  direction  of  the  sweep  by  this  voltage  corresponds 
to  the  angle  of  rotation  of  the  antenna  at  which  the  reflected  signal 
was  applied  to  the  receiver.  The  second  sweep  voltage  may  have  a  period 
equal  to  the  period  of  the  signal  pulses;  In  this  case,  the  Initial 
Instant  of  the  sweep  coincides  with  the  moment  at  which  the  probe  pulse 
Is  sent.  A  shift  In  the  bright  point  In  the  direction  of  the  second  sweep 
voltage  determines  the  time  Interval  between  the  sending  of  the  probe 
pulse  and  the  arrival  of  the  echo  pulse,  l.e.,  the  range  of  the  object. 

The  angle  of  rotation  of  the  antenna  about  Its  vertical  axis, 
measured  with  respect  to  the  North  direction,  is  called  the  azimuth  of 
the  object.  Thus,  on  the  basis  of  the  position  of  the  bright  spot  on 
the  screen  of  the  Indicator,  It  Is  possible  to  determine  the  two  space 
coordinates  of  an  object;  range  and  azimuth.  The  third  coordinate  of 
the  object  Is  the  elevation,  l.e.,  the  angle  between  the  direction  of 
the  object  and  the  horizontal.  By  synchronizing  one  of  the  sweep  volt¬ 
ages  with  the  rotation  of  the  radio  beam  transmitted  into  space  about 
the  horizontal  axis.  It  Is  possible  to  determine  the  elevation  on  the 
basis  of  the  position  of  the  bright  spot  on  the  screen.  As  a  result, 
cathode-ray  display  tubes  may  be  used  to  measure  all  coordinates  speci¬ 
fying  the  position  of  an  object  In  space;  here,  a  single  Indicator  can 
specify  no  more  than  two  coordinates.  Plan-posltlon-lndlcator  type 
radar  Installations  are  In  wide  use;  In  these  units,  the  Indicators 
use  sweeps  generating  a  radial -circular  raster.  On  the  screen  of  such 
a  tube,  we  can  observe  what  amounts  to  an  outline  map  of  the  locality, 
on  which  bright  blips  Indicate  the  position  of  reflecting  objects.  The 
structure  of  the  tubes  depends  upon  their  functions.  The  majority  of 
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oscillograph  tubes  designed  for  measuring  devices  use  electrostatic 
focusing  and  deflecting  systems.  The  advantages  of  an  electrostatic 
system  are  small  power  drain  (in  comparison  with  a  magnetic  system), 
and  a  less  cumbersome  Installation  for  the  tube.  In  addition,  electro¬ 
static  deflection  provides  a  linear  relationship  between  the  shift  In 
the  beam  and  the  deflection  voltage,  which  Is  Important  for  Instruments 
used  to  measure  the  amplitude  of  radiated  voltages.  Cathode -ray  Indi¬ 
cator  tubes  may  use  either  electrostatic  or  magnetic  focusing  and  de¬ 
flection  systems.  In  order  to  obtain  a  circular  sweep  with  radial  de¬ 
flection,  systems  are  frequently  utilized  In  which  the  deflecting  colls 
rotate  about  an  axis  coinciding  with  the  axis  of  the  tube,  which  causes 
the  electron  beam  to  rotate. 

15-7.  TELEVISION  PICTURE  TUBES. 

In  1907,  the  Russian  scientist  Professor  B. L.  Rozlng  conceived  the 
Idea  of  utilizing  cathode -ray  tubes  for  reproducing  pictures.  Practical 
utilization  of  his  suggestion,  however,  proved  to  be  possible  only 
after  about  twenty  years. 

The  principle  of  transmitting  and  reproducing  television  Images 
Is  based  upon  breaking  down  the  transmitted  Image  Into  a  large  number 
of  elements.  To  each  element  of  the  Image  there  corresponds  a  value  of 
brightness.  In  the  transmitting  device,  the  alternation  of  picture - 
element  brightnesses  Is  converted  Into  a  series  of  successive  electric 
signals  (vldeoslgnals )  that  modulate  the  carrier  frequency  of  the 
transmitting  station.  In  the  television  receiving  device,  the  received 
vldeoslgnals  are  applied  to  the  modulator  of  a  cathode -ray  tube,  and  as 
a  result,  the  beam  current  and,  consequently,  screen  brightness  at  the 
point  of  Incidence  of  the  beam,  varies  In  accordance  with  the  change  In 
vldeoslgnal  voltage. 

Two  basic  conditions  must  be  fulfilled  for  the  reproduction  of 
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pictures  on  the  screen  of  a  receiving  tube;  first,  the  position  of  the 
bright  spot  on  the  screen  of  the  tube  at  any  Instant  of  time  should 
correspond  to  the  position  of  that  element  In  the  transmitted  Image 
from  which  the  signal  applied  at  that  Instant  to  the  modulator  has  been 
taken  and,  second,  all  elements  of  the  Image  should  be  reproduced  In  a 
time  less  than  the  time  dictated  by  the  persistence  of  light  perception 
by  the  hiiman  eye.  Since  perceived  light  is  retained  by  the  eye  for  a 
period  of  about  0.1  sec,  the  entire  sequence  of  picture  elements  should 
be  reproduced  In  a  somewhat  smaller  time  Interval,  which  will  provide 
for  simultaneous  reproduction  of  the  entire  picture. 

Clearly,  the  greater  the  number  of  elements  Into  which  the  Image 
Is  broken  down,  the  more  clearly  It  may  be  reproduced.  Nomally,  the 
alternation  of  elements  is  chosen  in  terms  of  raster  horizontal  lines. 
Motion  of  the  beam  over  the  screen  should  be  synchronized  with  the  con¬ 
version  of  the  bright  elements  of  the  Image  Into  electric  signals  In 
the  transmitting  device.  In  modern  transmitting  television  Installa¬ 
tions,  the  conversion  of  light  Into  electric  signals  is  also  accomplished 
with  the  aid  of  an  electron  beam  moving  over  a  projected  Image.  Conse¬ 
quently,  the  motion  of  an  electron  beam  In  a  picture  tube  Is  synchronized 
with  the  motion  of  the  electron  beam  In  the  transmitting  tube;  the  oper¬ 
ating  principles  of  transmitting  tubes  are  discussed  below. 

In  order  to  sweep  the  electron  beam  along  the  lines,  sawtooth  volt¬ 
ages  are  applied  to  both  pairs  of  deflection  colls  (or  plates);  In  this 
case,  the  n\imber  of  lines  is  determined  by  the  ratio  of  the  periods  of 
these  voltages.  The  period  of  the  vertical  sweep  Is  so  chosen  that  the 
time  required  to  sweep  from  top  to  bottom  of  the  raster  will  be  less 
than  0.1  sec.  As  a  2?ule,  the  frequency  of  the  vertical -sweep  voltage 
Is  set  equal  to  the  AC  line -voltage  frequency  (50  cps).  In  this  case, 
the  beam  will  cover  the  entire  frame  In  0.02  sec. 
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According  to  the  standard  adopted  In  the  USSR,  the  number  of  lines 
Is  set  at  625.  Such  a  division  of  the  Image  provides  high-quality  re¬ 
production.  Clearly,  In  order  to  avoid  having  a  dark  band  visible  on 
the  screen  between  the  lines,  the  width  of  the  bright  line  should  be 
approximately  equal  to  the  vertical  frame  height  divided  by  the  number 
of  lines.  On  the  other  hand.  If  the  width  of  the  line  is  Increased 
beyond  this  value.  It  will  lead  to  overlapping  of  the  lines,  and  a 
deterioration  In  picture  sharpness. 

Tubes  utilized  for  the  reproduction  of  pictures  are  called  kine¬ 
scopes.  For  a  kinescope  to  provide  high-quality  reproduction  of  pic¬ 
tures,  It  should  possess  several  properties  which  are  determined 
basically  by  the  following  pareimeters  and  characteristics: 

1.  The  resolving  power  of  the  kinescope  depends  upon  line  width 
and  detennlnes  the  sharpness  of  the  image.  In  turn,  the  line  width  re¬ 
quired  for  a  given  niunber  of  lines  depends  upon  frame  size,  l.e,,  the 
size  of  the  picture  reproduced  on  the  screen.  The  ratio  of  the  size  of 
the  frame  Is  normally  taken  equal  to  4/3.  Where  the  height  of  the  frame 
la  Increased,  there  Is  a  corresponding  Increase  In  line  width. 

For  the  picture  to  be  sharp  enough  both  at  the  center  and  at  the 
edges,  beam  defocuslng  upon  deflection  should  be  small.  Thus,  in  the 
majority  of  kinescopes,  magnetic  deflection  Is  used,  which  provides 
less  defocuslng  of  the  beam.  In  kinescopes  with  small  picture  dimensions, 
which  require  small  line  widths,  electron  guns  with  a  second  magnetic 
lens  are  utilized;  this  provides  better  beam  focusing  than  does  an 
electrostatic  lens.  For  large  picture  sizes.  It  is  possible  to  utilize 
electrostatic  electron  guns,  since  in  this  case,  line  widths  may  be 
relatively  large.  Thus,  for  example.  In  a  kinescope  with  a  picture 
measuring  135  x  100  mm,  with  625  lines,  the  line  width  should  equal 
about  0. 15  nmi,  while  In  a  kinescope  with  a  picture  measuring  370  x  280  mm. 


line  width  is  on  the  order  of  0.5  nrni.  The  utilization  of  electron  guns 
with  electrostatic  focusing  in  kinescopes  with  large  pictures  makes 
television  receivers  cheaper,  since  there  is  no  need  for  cumbersome 
focusing  and  power-supply  circuits. 

2.  Screen  luminescence,  determined  by  brightness,  color,  and 
persistence.  The  required  brightness  depends  upon  the  conditions  under 
which  the  image  is  observed.  For  good  tone  gradations  to  be  visible  on 
the  reproduced  image  under  normal  room  Illumination  conditions,  a 
screen  brightness  of  from  3  to  100  mllllstllbs  is  sufficient. 

The  basic  factors  determining  screen  brightness  are  beam  current, 
accelerating  voltage,  and  the  properties  of  the  screen  phosphor.  An 
increase  in  brightness  owing  to  an  Increase  in  beam  current  (by  in¬ 
creasing  the  constant  voltage  on  the  modulator)  is  possible  only  with¬ 
in  certain  limits,  since  in  this  case,  the  size  of  the  cathode  emitting 
surface  is  Increased  and,  consequently,  the  size  of  the  bright  spot 
will  also  Increase,  which  decreases  picture  sharpness.  Thus,  in  the 
majority  of  kinescopes,  the  current  from  the  cathode  is  about  the 
same  and  does  not  normally  exceed  100-150  /Ua.  The  required  screen 
brightness  is  maintained  when  picture  size  is  Increased  by  increasing 
the  accelerating  voltage.  If  in  kinescopes  with  pictures  measuring 
135  X  100  mm,  an  accelerating  voltage  on  the  order  of  3-5  kv  is  re¬ 
quired  (for  a  brightness  of  about  3  mlllistllbs ) ,  then  for  kinescopes 
with  pictures  measuring  320  x  240  iran,  the  accelerating  voltage  will 
range  from  12-14  kv. 

The  best  color  for  television  screens  is  white,  which  provides  a 
black-and-white  picture.  Thus,  a  two-component  phosphor  is  generally 
used  for  the  screens  of  television  tubes  (type  B  screen).  The  per¬ 
sistence  of  the  screen  should  be  somewhat  less  than  the  time  required 
to  sweep  a  single  frame,  i.e.,  less  than  the  period  of  the  vertlcal- 
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sweep  voltage. 

3.  Constrast  of  Image  on  screen.  Contrast  Is  defined  as  the  ratio 
of  the  brightness  of  the  brightest  picture  element  to  the  brightness  of 
the  darkest  picture  element.  The  picture  may  be  assiimed  to  be  good 
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Pig.  15-'?9.  Causes  of  loss  of 
contrast. 

a)  Illumination  of  phosphor  layer 
as  a  result  of  total  Internal  re¬ 
flection  In  glass  at  end;  b)  re¬ 
flection  of  Illumination  from  Inner 
walls  of  envelope;  c)  direct  Illu¬ 
mination  of  unexcited  portions  of 
screen  by  radiation  from  the  bright 
spot. 

1|  Phosphor  layers;  2)  glass; 

3)  bright  spot. 

enough  where  the  contrast  Is  on  the  order  of  20-40.  A  decrease  In  con¬ 
trast  Is  caused  by  many  factors  that  lead  to  a  situation  In  which  the 
radiation  excited  by  the  electron  beam  at  any  point  on  the  screen  will 
only  pass  through  the  end  of  the  envelope  to  the  viewer  In  part.  A 
portion  of  this  radiation  will  fall  on  other  sections  of  the  screen, 
owing  to  total  Internal  reflection  from  the  Inside  and  outside  surfaces 
of  the  glass,  reflection  from  the  Inner  walls  of  the  envelope,  and  when 
there  Is  curvature  of  the  screen,  some  of  this  light  will  fall  directly 
on  other  parts  of  the  screen  (Plg.  15-29).  In  addition,  contrast  Is 
decreased  owing  to  light  from  external  sources  that  Is  reflected  from 
the  phosphor  layer. 

In  order  to  reduce  the  effect  of  factors  decreasing  contrast  It 
possible,  first,  to  utilize  smoked  glass  for  the  bottom  of  the  envelope 
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this  type  of  glass  Is  a  better  light  absorber  than  standard  glasses. 
Radiation  Incident  upon  the  phosphor  layer  as  a  result  of  total  In¬ 
ternal  reflection  from  the  surface  of  the  end  of  the  tube,  and  light 
from  external  sources,  are  subject  to  multiple  absorption  In  the  glass, 
while  radiation  from  the  section  of  the  screen  excited  by  the  electrons 
passes  through  the  end  of  the  envelope  only  once.  The  utilization  of 
Such  a  glass  somewhat  decreases  screen  brightness,  but  when  this  Is 
done  contrast  Increases  several  times. 

Second,  a  considerable  Increase  In  contrast  may  be  obtained  by 
using  aluminum-treated  screens.  An  aluminum  film  that  Is  transparent  to 
the  electron  beam  and  opaque  to  light  protects  the  screen  against  re¬ 
flected  light  Incident  upon  It  from  the  walls  of  the  envelope,  and 
from  direct  Illumination  upon  unexcited  sections  of  the  screen. 

Combining  both  of  these  methods.  It  Is  possible  to  obtain  a  high 
value  of  contrast  (on  the  order  of  100 ).  A  further  Increase  In  contrast 
leads  to  no  further  Improvement  In  the  quality  of  the  Image  that  Is 
noticeable  to  the  eye. 

4)  Tube  dimensions.  The  dimensions  of  television  receivers  are 
chiefly  determined  by  the  dimensions  of  the  tube.  The  picture  size 
chosen  determines  the  minimum  dimensions  of  the  kinescope  screen.  With 
a  circular  screen,  and  a  picture  width-height  ratio  of  4/3,  the  area 
occupied  by  the  picture  amounts  to  about  6O-65  per  cent  of  the  screen 
surface.  Kinescopes  with  rectangular  screens.  In  which  the  Image  occu¬ 
pies  about  95  per  cent  of  the  screen  surface,  are  considerably  more 
economical  with  respect  to  televlslon-set  size.  Correspondingly,  the 
volume  of  a  kinescope  with  a  rectangular  screen  turns  out  to  be  con¬ 
siderably  less  than  the  volume  of  a  picture  tube  having  the  same  size 
picture,  but  a  circular  screen. 

Decreasing  the  length  of  kinescopes,  accomplished  by  shortening 


-  555  - 


the  optical  system  of  the  tube  and  by  decreasing  the  distance  from  the 
deflecting  system  to  the  screen.  Involves  an  Increase  In  the  total  angle 
of  deflection,  which  causes  great  complications,  since  In  this  case 
there  Is  an  Increase  In  the  defocuslng  of  the  electron  beam.  In  modern 
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Pig.  15-30.  Example  of  kinescope 
modulation  characteristic. 

kinescopes,  the  deflection  angle  (measured  along  the  picture  diagonal) 
reaches  110°  In  the  best  tube  specimens. 

5.  The  modulation  characteristic,  which  determines  the  way  In  which 
the  beam  current  depends  upon  the  modulator  voltage.  For  kinescopes. 

It  Is  desirable  to  Increase  the  slope  of  the  modulation  characteristic 
while  simultaneously  decreasing  the  absolute  value  of  cutoff  voltage; 
this  makes  It  possible  to  utilize  vldeoslgnals  of  lower  amplitudes. 
Decreasing  vldeoslgnal  amplification  decreases  Its  distortion.  Figure 
15-30  shows  a  sample  modulation  characteristic  for  a  kinescope. 

Since  magnetic  deflection  of  the  electron  beam  Is  utilized  In  the 
majority  of  kinescopes,  the  negative  Ions  move  to  the  screen,  almost 
undeflected.  In  a  somewhat  diverting  beam;  as  a  result,  an  Ion  burn 
may  appear  In  the  center  of  the  screen.  In  order  to  protect  the  screen 
against  Ion  burn,  kinescopes  normally  have  so-called  Ion-trap  systems, 
which  lead  the  beeim  of  Ions  off  to  the  electron  gun  anode.  The  operat¬ 
ing  principle  of  Ion  traps  is  based  upon  the  fact  that  a  magnetic  field 
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deflects  a  stream  of  electrons  considerably  more  strongly  than  a  stream 
of  ions. 


One  of  the  most  common  electron-gun  designs  vdth  an  Ion  trap  Is 
shown  In  Pig.  15-31*  The  cathode -modulator  unit,  with  a  shielding  elec- 


Plg.  15-31*  Structure  and  operating 
principle  of  kinescope  electron-gun 
with  Ion  trap. 

l)  Cathode;  2)  modulator;  3)  screening 
electrode;  4)  second  anode;  5)  first 
anode;  6)  magnet  of  Ion  trap. 

trode.  Is  located  at  an  angle  to  the  optical  axis  of  the  tube.  Acted 
upon  by  the  transverse  magnetic  field  In  the  region  of  bending  of  the 
electron  gun,  the  electron  beam  Is  sharply  deflected  from  Its  Initial 
direction  and  Is  directed  along  the  axis  of  the  tube,  while  the  stream 
of  negative  Ions  strikes  the  anode.  Other  Ion-trap  designs  operate  In 
similar  fashion. 

As  we  have  already  said.  It  Is  possible  to  protect  the  screen 
against  damage  from  Ion  bombardment  by  aluminum  treatment.  With  a 
sufficiently  thick  aluminum  film,  there  Is  no  need  to  utilize  Ion  traps. 

In  addition  to  kinescopes  for  direct  viewing,  so-called  projection 
picture  tubes  are  also  used;  they  are  used  In  television  receivers  that 
have  optical  systems  projecting  the  Image  from  the  screen  of  the  kine¬ 
scope  onto  large,  flat  screens. 

Projection  kinescopes  (Plg.  15-32)  have  relatively  small  screen 
dimensions,  and  the  Imagery  produced  Is  magnified  by  an  optical  system 
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when  It  is  projected  on  the  flat  screen.  For  adequate  brightness  of 
the  picture  to  be  viewed,  screen  brightness  for  the  kinescope  Itself 
should  be  hundreds  of  times  greater  than  that  of  direct -viewing  kine¬ 
scopes.  Thus,  projection  picture  tubes  operate  at  considerably  higher 


CP 


Pig.  15-32.  Projection  kinescope. 

accelerating  voltages,  having  values  on  the  order  of  20-50  kv.  Opera¬ 
tion  at  such  high  voltages  dictates  certain  structural  differences  In 
projection  kinescopes.  Magnetic  beam  deflection  Is  always  used  In  such 
tubes,  since  with  electrostatic  deflection,  such  fast  electrons  require 
very  high  deflecting  voltages.  Focusing  may  be  either  electrostatic  or 
mixed  (with  a  second  magnetic  lens).  The  small  screen  dimensions  of 
the  projection  kinescope  necessitate  narrow  focusing  of  the  beam,  which 
Is  easily  accomplished  with  magnetic  focusing. 


/o^ 


The  modulator -diaphragm  aperture  Is  smaller  than  In  standard 

-  558  - 


cathode -ray  tubes  which,  first,  decreases  the  size  of  the  cathode 
emitting  surface  and,  consequently,  the  diameter  of  the  bright  spot  and, 
second,  decreases  the  "penetrance"  of  the  modulator  for  the  field  cre¬ 
ated  by  the  high  anode  potential.  The  region  between  the  anode  and 
modulator  Is  surrounded  by  a  grounded  cylinder,  which  guards  against 
arcing  over  between  anode  and  modulator.-  Voltage  Is  supplied  to  the 
anode  through  a  lead  sealed  Into  the  conical  section  of  the  envelope, 
and  connected  to  the  conducting  coating.  In  order  to  decrease  leakage 
currents  along  the  outer  surface  of  the  envelope,  the  anode  lead  Is 
protected  by  a  glass  tube  sealed  Into  the  envelope. 

The  screens  of  projection  picture  tubes,  which  give  a  white  light, 
are  always  treated  with  aluminum,  which  protects  them  against  rapid 
damage  as  a  result  of  electron  bombardment. 

In  using  projection  kinescopes.  It  Is  necessary  to  take  Into  account 
the  possibility  of  the  appearance  of  X  rays,  created  by  the  rapid  de¬ 
celeration  of  the  beam  electrons  at  the  screen  (bremsstrahlung  X  rays), 
and  appropriate  measures  must  be  taken  to  guard  against  such  radiation. 

In  recent  years,  work  has  been  carried  out  on  conversion  to  color 
television.  The  development  of  a  system  for  reproducing  a  color  picture 
Is  based  upon  the  three -component  theory  of  color  vision,  which  states 
essentially  that  a  visual  perception  of  color  for  a  light  beam  with  any 
spectral  composition  may  be  reproduced  with  the  aid  of  three  single - 
color  (monochromatic)  light  sources.  By  changing  the  ratio  between  the 
Intensities  of  the  component  monochromatic  beams.  It  Is  possible  to  ob¬ 
tain  any  colored  visual  Impression. 

Several  different  types  of  television  picture  tubes  have  been  de¬ 
veloped  using  this  principle;  of  these,  we  shall  discuss  only  one, 
namely  the  color  kinescope  using  a  shadow  mask.  In  such  a  kinescope, 
excitation  of  each  of  the  three  primary  colors  Is  carried  out  by  a 
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separate  electron  beam.  The  screen  of  the  tube  consists  of  regularly 
alternating  red,  green  and  blue  dots  of  phosphor.  Between  the  screen 
and  the  three  electron  guns  creating  the  three  Independent  electron 
beams.  Is  a  mask  with  apertures  which  prevents  the  electron  beams  from 
falling  upon  "foreign"  color  dots.  The  axes  of  the  three  electron  beams 
should  Intersect  In  an  aperture  of  the  mask  and,  going  on  to  diverge 
by  a  certain  angle,  the  beam  should  fall  on  the  appropriate  phosphor 
dots  (Pig.  15-33). 

The  screen  of  a  color  picture  tube  takes  the  form  of  a  mosaic  of 
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Pig.  15-33.  Operating  principle  of 
color  kinescope  with  aperture  mask. 

1^  Screen;  2)  mask;  3)  blue  beam; 

4)  green  beam;  5)  red  beam;  6)  blue; 

7)  red;  8)  green. 

color  groups  of  phosphors,  applied  to  the  Inside  surface  of  the  glass 
of  the  end  of  the  tube.  Each  group  consists  of  dots  of  red,  green,  and 
blue  phosphors,  located  at  the  vertices  of  an  equilateral  triangle. 

In  order  to  provide  adequate  resolving  power  for  the  tube,  the  number 
of  such  three-color  elements  must  be  quite  large  —  about  400,000  — 
so  that  each  dot  will  have  a  diameter  of  0.4  mm.  The  screen  and  shadow 
mask  have  concentric  convex  surfaces  with  large  radii  of  curvature. 

The  shadow  mask  takes  the  form  of  a  convex  metal  sheet  with 
circular  apertures  located  opposite  the  centers  of  the  color  triangles 
on  the  screen.  The  niimber  of  apertures  In  the  mask  equals  the  number  of 
color  triangles  on  the  screen. 

For  proper  color  reproduction.  It  Is  necessary  to  maintain  rigid 
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mutual  orientation  of  the  electron  guns,  screen,  and  shadow  mask,  which 
Is  the  basic  complication  In  such  a  tube. 

15-8.  ELECTROOP TI CAL  IMAGE  CONVERTERS. 

Electrooptlcal  Image  converters  Is  the  name  given  to  Instruments 
used  to  convert  an  optical  light  Image  of  an  object  Into  an  electronic 
Image  and  then  back  to  a  light  Image.  The  Initial  light  Image  of  the 
object  may  be  visible  or  Invisible,  depending  upon  the  wavelength  of 
the  beams  with  which  the  object  Is  illuminated,  or  which  it  produces 
(visible  and  Invisible  infrared  or  ultraviolet  rays).  Electrooptlcal 
converters,  however,  have  found  their  greatest  practical  use  In  the 
conversion  of  Images  in  Infrared  light. 


V 

Fig.  15 -3^*  Very  simple  converter 
design. 

Let  us  examine  the  operating  principle  of  the  electrooptlcal 
converter  by  considering  the  very  simple  design  shown  In  Pig.  15-3^* 

On  the  Inner  surfaces  of  the  ends  of  the  cylindrical  glass  envelope  1 
there  Is  an  applied  semitransparent  photocathode  2  that  Is  sensitive, 
for  example,  to  Infrared  radiation,  and  a  luminescent  screen  3>  in  turn 
coated  with  a  thin  metal  layer  (for  example,  a  layer  of  alumlnvim).  This 
metal  layer  should  be  transparent  for  photoelectrons,  but  opaque  for 
light :  light  Incident  on  the  metal  layer  from  the  side  of  the  observer 
(including  screen  glow),  should  be  reflected  from  the  metal  layer.  As 
a  result,  there  Is  almost  no  Illumination  of  the  photocathode  from  the 
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direction  of  the  screen. 

A  high  direct -current  voltage  is  applied  between  the  photocathode 
and  the  screen.  Infrared  rays  reflected  from  the  object  4  are  focused 
on  the  photocathode.  Under  the  action  of  these  rays,  the  photocathode 
emits  photoelectrons,  which  are  accelerated  by  the  high  voltage,  and 
bombard  the  screen,  causing  the  luminescing  material  to  glow.  With  this 
arrangement,  more  electrons  will  be  liberated  from  sections  of  the 
photocathode  that  receive  more  Intense  Illumination.  These  electrons 
fall  on  corresponding  sections  of  the  screen,  and  cause  Intensive 
excitation  of  the  phosphor.  Those  sections  of  the  photocathode  that  are 
less  Intensely  Illuminated  will  yield  fewer  electrons.  These  electrons, 
falling  on  corresponding  sections  of  the  screen,  will  cause  less  intense 
screen  excitations.  Since  different  numbers  of  electrons  will  leave 
different  sections  of  the  photocathode,  different  numbers  of  electrons 
will  be  incident  upon  different  sections  of  the  screen.  As  a  result, 
the  sections  of  the  screen  will  glow  with  varying  Intensities,  repro¬ 
ducing  the  distribution  of  intensity  received  at  the  photocathode  as 
a  result  of  the  light  reflected  from  the  elements  of  the  object.  The 
distribution  of  Intensity  over  the  screen  accurately  reproduces  an 
Image  of  the  object,  l.e.,  a  visible  picture  of  an  Invisible  object  Is 
obtained  on  the  screen;  here  the  color  of  the  picture  Is  determined  by 
the  phosphor.  Thus,  In  the  electrooptlcal  converter  design  under  con¬ 
sideration,  the  light  Image  of  the  object  Is  transferred  by  the  elec¬ 
trons  directly  from  the  photocathode  to  the  screen  with  no  use  of 
electrooptlcal  focusing. 

The  presence  of  a  radial  velocity  component  of  the  electrons, 
occasioned  by  the  fact  that  a  portion  of  the  electrons  leave  the  photo - 
cathode  at  various  angles,  leads  to  scattering  of  the  electrons  In  the 
absence  of  an  electrooptlcal  focusing  system.  Each  point  on  the  photo - 
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Fig.  15-35-  Arrangement  of 
Improved  converter. 

cathode  appears  on  the  screen  as  a  scattering  circle,  owing  to  which 
there  is  a  deterioration  In  picture  sharpness.  The  diameter  of  the 
scattering  circle  In  this  case  Is  determined  from  the  formula 

where  1  and  U  are  the  separation  and  potential  difference  between 
photocathode  and  screen;  Is  the  potential  difference  corresponding 
to  the  radial  velocity  component  of  the  electrons. 

It  follows  from  this  that  some  decrease  in  the  scattering  circle 
may  be  obtained  by  decreasing  the  screen-photocathode  spacing,  and 
Increasing  the  voltage  between  them.  V/lth  very  small  spacings,  however, 
there  may  appear  cold  emission  (autoelectron  emission)  from  the  photo¬ 
cathode,  owing  to  which  there  will  be  a  bright  background  on  the  screen. 
In  addition,  where  1  Is  very  small.  It  Is  difficult  to  manufacture  a 
sensitive  photocathode. 

An  Improved  electrooptical  converter  Is  shown  In  Fig.  15-35-  In 

the  cylindrical  glass  envelope  1,  which  has  two  flat  windows,  there  Is 

* 

located  the  semitransparent  oxygen-cesium  photocathode  2  on  the  screen 
3  which  takes  the  form  of  a  thin  glass  disc  on  one  side  of  which  Is 
applied  a  phosphor  and  a  platinum  grid  that  serves  to  Increase  screen 
conductivity.  The  distance  between  the  photocathode  and  the  screen 
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Pig.  15-36.  KLagramatlc  repre¬ 
sentation  of  converter  with 
electrostatic  focusing. 

equals  about  5  nun.  Since  the  path  between  the  photocathode  and  the 
screen  along  the  Inside  wall  of  the  envelope  Is  Increased  owing  to  the 
special  shape  of  the  envelope.  In  this  design,  there  Is  good  Insulation 
between  photocathode  and  screen,  which  makes  It  possible  to  utilize 
working  voltages  on  the  order  of  5-7  kv.  A  working  voltage  Is  applied 
to  contact  rings  5  and  6.  In  order  to  Increase  Insulation  resistance, 
the  Inside  surface  of  the  envelopes  Is  carefully  cleaned. 

In  the  converter  design  described.  It  Is  possible  to  utilize  pic¬ 
ture  focusing,  using  for  this  purpose  an  electrostatic  or  uniform  mag¬ 
netic  field  set  up  by  a  long  focusing  coll.  The  use  of  focusing  makes 
It  possible  to  Increase  the  separation  of  photocathode  and  screen, 
which  pemilts  a  decrease  In  the  bright  background  on  the  screen  (where 
a  non -^netal -treated  luminescent  screen  Is  used),  while  the  use  of  a 
coll  permits  a  decrease  In  the  diameter  of  the  scattering  circle  for 
the  electrons.  As  a  result,  the  quality  of  the  Image  Is  considerably 
Improved.  Of  course,  the  length  of  the  focusing  coll  makes  It  Impossible 
to  change  the  size  of  the  picture  and,  consequently,  the  region  of 
application  of  the  converter  Is  limited.  The  use  of  a  short  focusing 
coll,  which  would  make  It  possible  to  change  the  size  of  the  picture.  Is 
not  always  possible  since  both  long  and  short  focusing  colls  require. 

In  general,  large -size  converters  and  consume  large  amounts  of  power. 
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Thus,  In  practical  application,  we  use  the  so-called  electrooptlcal 
converters  with  electrostatic  image  focusing,  which  are  smaller,  draw 
slight  amounts  of  power,  and  make  It  possible  to  change  Image  size. 

Converters  with  electrostatic  focusing.  The  arrangement  of  an 
electrooptlcal  converter  with  electrostatic  focusing  Is  shown  In  Pig. 
15-36.  In  a  cylindrical  glass  envelope  1  are  located  the  screen  2  and 
photocathode  k,  which  In  order  to  improve  picture  quality  (to  decrease 
Image  distortion)  Is  made  somewhat  convex,  rather  than  flat,  since 
minimum  image  distortion  occurs  with  a  convex  photocathode,  where  the 
radius  of  curvature  of  the  cathode  equals  the  diameter  of  the  cylinders 
of  the  electrostatic  lens.  The  projection  of  the  optical  Image  of  the 
object  of  the  curved  surface  of  the  photocathode  Involves  serious  diffi¬ 
culties,  however. 

Near  the  photocathode  there  are  several  circular  focusing  elec¬ 
trodes,  also  designed  to  decrease  image  distortion.  To  these  electrodes 
Is  applied  a  gradually  Increasing  voltage  from  a  potentiometer,  which  Is 
normally  located  within  the  Instrument.  Between  the  ring-shaped  elec¬ 
trodes  and  the  screen  there  Is  an  anode  a,  maintained  at  a  high  positive 
potential  and  playing  the  part  of  an  accelerating  electrode.  Focusing  is 
carried  out  by  changing  the  ratio  of  the  anode  potential  to  the  poten¬ 
tial  of  the  ring  electrode  nearest  to  It. 

A  change  In  picture  size  with  this  design  of  converter  Is  made  by 
changing  the  voltage  on  diaphragm  4,  located  between  the  last  ring 
electrode  and  the  anode.  This  voltage  ranges  from  Up  (voltage  on  the 
last  ring  electrode)  to  U_  (anode  voltage). 

a 

The  utilization  of  various  electrostatic  focusing  systems  In  con¬ 
verters  makes  It  possible  to  In^jrove  quality  or  to  simplify  control  of 
the  converter. 

Applications  of  electrooptlcal  converters.  Electrooptlcal  con- 
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verters  are  utilized  in  various  fields  of  science  and  technology  for 
converting  Images  of  objects  Invisible  In  the  dark  Into  visible  Images. 
If  the  objects  under  study  do  not  produce  Infrared  radiation  themselves, 
they  are  Illuminated  with  such  radiation,  using  standard  Incandescent 
bulbs,  specially  equipped  and  provided  with  Infrared  filters. 

Especially  wide  use  has  been  made  of  converters  for  various  opti¬ 
cal  Investigations  such  as,  for  example.  Investigation  of  the  infrared 
radiation  In  the  night  sky,  for  determining  the  Index  of  refraction  for 
various  materials  In  the  infrared  region,  for  Investigating  regions  of 
the  spectrnim  lying  beyond  the  limits  of  human-eye  visibility,  etc. 

Some  types  of  converters  are  utilized  to  increase  Image  brightness. 
In  particular  to  Increase  the  brightness  of  images  on  X-ray  screens. 

Electrooptlcal  converters  are  utilized  also  In  special  optical 
systems  that  make  It  possible  to  magnify  (bring  nearer)  an  Image  of  an 
invisible  object.  Such  optical  systems  have  arbitrarily  received  the 
name  of  electronic  telescopes  or  binoculars. 

15-9.  TELEVISION  TRANSMITTING  TUBES. 

Transmitting  tubes  operating  In  television  studios  are  complicated 
devices  representing  a  combination  of  photoelectric  and  cathode-ray 


Fig.  15-37.  Arrangement  of  Iconoscope 
and  basic  external  circuit. 

1)  Signal. 
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The  Iconoscope.  A  tube  of  this  type  utilizes  the  so-called  princi¬ 
ple  of  charge  storage.  The  arrangement  and  circuit  for  the  Iconoscope 
Is  shown  dlagramatlcally  In  Pig.  15-37. 

In  the  narrow  tube  of  the  glass  envelope  1  Is  contained  the  elec¬ 
tron  gun,  consisting  of  the  cathode  k,  the  control  electrode  2,  and 
accelerating  electrode  3*  On  the  inside  surface  of  the  envelope  there 
Is  a  metal  conducting  layer  4  that  plays  the  part  of  a  second  anode  and 
a  collector  of  scattered  electrons.  In  the  wide  portion  of  the  envelope 
there  Is  a  composite  photocathode,  also  called  a  mosaic  or  a  mosaic 

screen.  The  mosaic  consists  of  a  thin  mica  plate  5  measuring  about 
2 

100  cm  and  25-75  microns  thick.  On  one  side  of  this  plate,  there  Is 
a  metal  layer  or  thin  metal  plate  6  called  the  signal  plate,  since  the 
vldeoslgnal  is  taken  from  It.  On  the  other  side  of  the  plate  there  are 
several  million  globules  of  silver  7>  Insulated  from  each  other,  sensi¬ 
tized  with  ceslvun.  These  grains,  also  called  elements  of  the  mosaic,  are 
very  small  globules  of  various  diameters  (5  microns  or  less).  Each  of 
these  elements  Is  on  the  one  hand  a  miniature  photocell  and  on  the  other 
a  miniature  capacitor,  one  plate  of  which,  common  to  all  the  elements. 

Is  the  signal  plate,  and  the  other  Is  formed  by  the  element  Itself. 

Thus,  the  entire  mosaic  (Fig.  15-38)  may  be  considered  to  be  a  system 
of  miniature  capacitors,  and  at  the  same  time  a  system  of  miniature 
photocells. 

The  electron  beam  8  formed  by  the  electacon  gun  Is  Incident  upon 
the  mosaic  at  a  certain  angle  (Plg.  15-37)*  With  the  aid  of  the  deflec¬ 
tion  colls  9,  the  beam  Is  swept  over  the  mosaic  In  lines,  similar  to 
the  manner  In  which  the  beam  Is  swept  over  the  screen  of  a  kinescope. 

The  beam  travels  over  all  lines,  l.e.,  over  the  entire  mosaic 
screen,  at  uniform  speed  in  a  period  of  l/25  sec  (time  for  a  single 
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Pig.  15-38.  Mosaic 
of  Iconoscope. 

1)  Mosaic  elements 
(sensitized  grains  of 
silver);  2)  thin  mica 
plate;  3)  metal  back¬ 
ing  layer;  4)  massive 
support  plate. 

frame),  while  the  beam  flyback  occupies  a  shorter  period  of  time;  during 
beam  flyback,  the  beam  Is  cut  off  by  a  negative  voltage  on  the  control 
electrode  and,  consequently,  does  not  act  on  the  mosaic. 

The  optical  Image-  of  the  object  10  Is  focused  on  the  mosaic  with 
the  aid  of  the  objective  11.  Under  the  action  of  the  light,  the  elements 
of  the  mosaic  continuously  emit  photoelectrons  whose  number  Is  propor¬ 
tional  to  the  Intensity  of  the  light  Incident  upon  them.  In  accordance 
with  the  optical  Image,  different  elements  of  the  mosaic  receive 
different  amounts  of  light  and,  consequently,  emit  different  quantities 
of  electrons.  These  electrons  strike  a  positively  charged  collector  4, 
while  each  element  of  the  mosaic,  owing  to  the  continuous  emission  of 
electrons,  becomes  positively  charged.  The  more  electrons  emitted  by 
an  element,  the  higher  the  positive  charge  stored  on  It.  Consequently, 

If  the  optical  Image  of  the  object  Is  focused  upon  the  mosaic,  a  posi¬ 
tive  charge  will  be  stored  upon  each  element  of  the  mosaic.  The  magni¬ 
tudes  of  these  charges  are  proportional  to  the  Intensity  of  the  light 


Incident  upon  the  elements,  while  their  distribution  over  the  mosaic 
surface  is  strictly  in  accordance  with  the  distribution  of  light  over 
the  element  owing  to  the  projected  image  (image  potential  map). 

If  the  mosaic  is  now  scanned  by  an  electron  beam,  the  beam,  as  it 
passes  over  the  lines,  neutralizes  the  positive  charges  on  the  mosaic 
elements  by  means  of  its  electrons.  But  neutralization  of  the  positive 
charges  on  the  elements  liberates  corresponding  charges  on  the  signal 
plate.  As  a  result,  a  current  appears  in  the  signal -plate  circuit  whose 
magnitude  varies  as  the  beam  moves  over  the  mosaic  elements,  and  is 
proportional  to  the  change  in  the  light  incident  upon  these  elements 
and,  consequently,  is  proportional  to  the  magnitude  of  the  charges  on 
these  elements.  When  this  current  passes  into  the  signal -plate  circuit, 
a  voltage  drop  appears  across  the  load  resistance  R^.  Since  discharging 
of  the  element  capacitors  by  the  beam  occurs  within  a  period  of  several 
microseconds,  as  the  beam  moves  over  the  surface  of  the  mosaic,  current 
pulses  appear  in  the  signal -plate  circuit,  while  across  the  load  re¬ 
sistance  there  appear  voltage  pulses  —  the  videosignals.  Thus,  the 
sequential  Illumination  of  the  elements  by  the  image  is  converted  into 
a  series  of  vldeoslgnals. 

The  efficiency  of  an  Iconoscope  amounts  all-in-all  to  about  10  per 
cent  of  its  theoretical  value.  This  low  efficiency  is  explained  by  the 
fact  that  under  the  Influence  of  the  electrons  in  the  scanning  beam, 
which  discharge  the  mosaic  elements,  secondary -electron  emission  occurs 
from  the  mosaic.  The  secondary  electrons,  leaving  the  mosaic  at  low 
velocities,  return  to  neighboring  elements,  and  diminish  their  positive 
charges  that  formed  on  them  owing  to  photoelectron  emission  and,  conse¬ 
quently,  decrease  the  magnitude  of  the  voltage  pulses  across  the  re¬ 
sistor  R. 

Secondary -electron  emission  decreases  not  only  the  efficiency  of 
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Pig*  15-39*  Image  iconoscope, 
l)  Signal. 

the  Iconoscope,  but  Its  sensitivity  as  well. 

In  addition.  In  an  Iconoscope,  photoelectric  emission  from  mosaic 
elements  Is  noticeably  limited  by  the  space  charge.  The  presence  of 
charge  leakages  along  the  surface  of  the  mosaic  also  decreases  efficien¬ 
cy  and  sensitivity  In  an  Iconoscope.  Thus,  iconoscopes  are  utilized 
only  where  the  subjects  to  be  transmitted  are  very  strongly  Illuminated. 

A  substantial  drawback  of  the  iconoscope  Is  the  noticeable  non¬ 
linearity  of  the  way  In  which  sensitivity  depends  upon  Illumination. 

The  Image  Iconoscope.  In  order  to  Increase  the  sensitivity  and 
efficiency  of  iconoscopes,  various  Improvements  have  been  made  in  them. 

As  a  result,  a  transmitting  television  tube  has  been  created  that  is 
more  complicated  In  design,  and  Is  called  the  Image  Iconoscope.  Since 
the  Image  iconoscope  is  essentially  a  combination  of  a  standard  icono¬ 
scope  and  an  electrooptlcal  converter,  it  Is  also  frequently  called  an 
image -transfer  iconscope  (Pig.  15-39)* 

Within  the  glass  envelope  are  located  the  mosaic  screen  1,  elec¬ 
tron  gun  2,  and  semitransparent  antimony -cesium  (or  oxygen -cesium)  photo - 
cathode  3  upon  which  is  focused  the  optical  Image  of  the  subject  4. 

On  the  Interior  surface  of  the  envelope  there  Is  a  metal  layer  5  which 
serves  as  the  anode  for  the  photocathode,  and  a  metal  layer  7  which  is 
the  collector  designed  to  catch  scattered  electrons.  The  electron 
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beam  Is  controlled  with  the  aid  of  the  deflecting  colls  6. 

Under  light  action  from  the  focused  Image  of  the  subject,  photo - 
cathode  3  emits  primary  electrons,  which  are  In  turn  focused,  with  the 
aid  of  the  complex  electron  lens,  on  the  mosaic  screen  1.  The  electronic 
Image  focused  on  the  mosaic  causes  secondary -electron  emission  from  the 
mosaic  elements,  resulting  In  the  appearance  of  positive  charges  on  the 
elements.  The  secondary  electrons  leaving  the  mosaic  of  an  Image  Icono- 
sccpe  as  a  result  of  the  action  of  the  electronic  Image  play  the  same  role 
as  do  the  photoelectrons  leaving  the  mosaic  of  a  standard  Iconoscope 
as  a  result  of  the  action  of  the  optical  Image. 

Since  In  contrast  to  the  mosaic  of  an  Iconoscope,  the  mosaic  of 
an  Image  Iconoscope  becomes  charged  under  the  action  of  an  electron 
Image,  rather  than  under  the  action  of  an  optical  Image,  It  may  be 
light -Insensitive. 

In  the  remaining  details,  the  operating  mechanism  of  the  Image 
Iconoscope  Is  similar  to  that  of  the  Iconoscope:  an  electron  beam  scans 
the  mosaic,  and  the  vldeoslgnals  appear  In  the  signal -plate  circuit, 
and  are  then  amplified  and  transmitted  by  radio. 

The  Image  Iconoscope  has  many  advantages  In  comparison  with  the 
Iconoscope;  the  chief  of  these  are:  a)  the  secondary -electron  emission 
current  from  the  mosaic  elements  In  the  Image  Iconoscope  exceeds  the 
photoelectric  current  from  the  mosaic  elements  of  the  ordinary  Icono¬ 
scope,  and  as  a  result  the  mosaic  elements  In  the  Image  Iconoscope 
are  charged  to  a  higher  potential  than  are  the  mosaic  elements  In  an 
Iconoscope,  and  thus  the  sensitivity  of  the  Image  Iconoscope  may  ex¬ 
ceed  the  sensitivity  of  the  Iconoscope;  b)  the  design  of  the  Image 
Iconoscope  makes  It  possible  to  utilize  more  sensitive  photocathodes 
which  also  permits  an  Increase  In  Image -Iconoscope  sensitivity. 

The  Image  Iconoscope  possesses,  however,  one  major  disadvantage 


-  571  - 


Pig.  15-40.  Orthlcon. 
1)  Volts. 


which  substantially  limits  Its  field  of  application.  This  consists  in 
the  fact  that  the  electronic  image  in  an  image  Iconoscope,  upon  being 
transferred  from  the  photocathode  to  the  mosaic  is  noticeably  dlstortedj 
distortionless  transfer  of  the  electronic  image  can  occur  only  from  a 
small  central  area  of  the  photocathode. 

The  orthlcon.  In  common  with  the  iconoscope  and  the  image  icono¬ 
scope,  the  orthlcon  utilizes  the  principle  of  charge  storage,  but  the 
design  of  an  orthlcon  differs  substantially  from  that  of  an  Iconoscope 
or  an  image  Iconoscope. 

The  basic  arrangement  of  one  orthlcon  design  is  shown  in  Fig.  15-40. 
In  the  narrow  portion  of  the  cylindrical  envelope  1  is  located  the  basic 
section  of  the  electron  gun,  consisting  of  a  cathode  k,  which  is  ground¬ 
ed,  a  modulator  2,  to  which  is  applied  a  potential  varying  from  0  to 
-5  V,  the  first  anode  3,  to  which  is  applied  approximately  +300  v,  and 
a  second  anode  4,  whose  potential  equals  about  +200  v.  The  mosaic 
screen  5  is  located  on  the  Inside  surface  of  the  flat  polished  end  of 
the  envelope,  through  which  the  connection  with  the  signal  plate  is 
made.  Near  the  mosaic  screen  on  the  inside  surface  of  the  cylindrical 
portion  of  the  envelope  there  is  a  circular  conducting  coating  6,  which 
is  at  ground  potential,  and  which  functions  as  a  retarding  electrode. 
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In  front  of  the  mosaic  screen  there  Is  a  fine  metal  grid  7,  whose 
potential  equals  the  second -anode  potential  (+200  v).  This  grid  func¬ 
tions  as  a  collector  for  the  photoelectrons  produced  by  the  action  of 
light  on  the  elements  of  the  mosaic,  and  for  those  electrons  of  the 
scanning  beam  that  are  slowed  down  near  the  mosaic  and  return  to  the 
grid. 

The  function  of  the  colls  outside  the  tube  envelope  are:  focusing 
8,  alignment  S,  and  deflecting  10. 

In  the  orthlcon,  the  Image  of  the  subject  Is  projected  onto  the 
mosaic  from  the  flat  end  of  the  envelope,  l.e.,  through  the  end  of  the 
envelope,  the  semitransparent  metal  layer  of  the  signal  plate,  an  Insu¬ 
lator,  and  the  thickness  of  the  mosaic  elements.  This  method  of  project¬ 
ing  the  Image  of  the  subject  upon  the  mosaic  Involves  heavy  absorption 
of  light,  up  to  50  per  cent,  and  the  light  Is  basically  absorbed  by  the 
semitransparent  signal -plate  layer  and  within  the  mosaic  elements.  In 
contrast  with  the  Iconoscope  and  the  Image  Iconoscope,  In  the  orthlcon, 
scanning  of  the  mosaic  Is  carried  out  by  a  beam  of  slow  electrons,  which 
decreases  the  secondary -emission  coefficient  to  O.J. 

There  are  two  substantial  drawbacks  to  slow -electron  scanning. 

First  of  all,  the  slow  electrons  are  subject  to  mutual  repulsion,  which 
leads  to  beam  defocuslng,  and  In  addition,  slow  electrons  are  liable  to 
be  deflected  toward  those  mosaic  elements  that  have  the  greatest  posi¬ 
tive  charges.  In  order  to  eliminate  these  defects,  the  orthlcon  utiliz¬ 
es  a  uniform  longitudinal  magnetic  field,  set  up  by  a  focusing  coll. 

Another  feature  of  the  orthlcon  Is  the  fact  that  at  a  given  light 
Incidence  on  the  mosaic,  the  photocurrent,  which  Is  detennined  by  charge 
storage,  reaches  a  saturation  value.  Clearly,  at  saturation  current, 
large  charges  form  on  the  mosaic  elements,  and  when  they  are  subsequent¬ 
ly  discharged  by  the  electron  beam  to  zero  potential,  considerable 
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Pig.  15-41.  Signal  magnitude 
as  a  function  of  Illuminance 
(amplitude  characteristic)  for 
an  orthlcon. 

1 )  Lux. 

current  pulses  (vldeoslgnals )  will  appear  In  the  signal -plate  circuit. 

In  the  orthlcon,  scattered  electrons  are  captured  by  a  collector 
(grid),  which  Is  at  a  high  positive  potential  with  respect  to  the  photo¬ 
cathode. 

The  orthlcon  Is  a  superior  transmitting  cathode-ray  tube  In  com¬ 
parison  with  the  Image  kinescope.  The  name  of  the  tube  Is  derived  from 
the  Greek  word  "ortho,"  which  means  "straight. "  This  name  underscores 
the  linearity  of  the  so-called  amplitude  characteristic  of  the  tube, 
which  represents  the  way  In  which  the  magnitude  of  signal  current  de¬ 
pends  upon  the  magnitude  of  the  light -flux  or  Illuminance  that  Is  Inci¬ 
dent  (Plg.  15-4i).  This  linearity  Is  observed  with  small  values  of 
Illuminance.  With  large  Illuminance  values,  saturation  occurs,  since 
the  current  of  the  electron  beam  Is  Inadequate  to  neutralize  the  charges 
appearing  under  the  Influence  of  the  light  on  the  mosaic  elements. 

The  Image  orthlcon.  The  television  tube  that  utilizes  the 
properties  of  the  orthlcon  and  the  Image  Iconoscope  has  come  to  be 
called  the  Image  orthlcon  (Plg.  15-42).  The  name  "image  orthlcon"  Is 
also  applied  to  the  transmitting  tube  that  uses  a  double -sided  target, 
since  Its  basic  element  Is  a  thin  glass  plate  (film),  one  side  of 
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which  Is  subjected  to  the  action  of  electrons  emitted  by  photocathode, 
and  the  other  to  the  action  of  the  electrons  In  the  scanning  beam.  This 
double-sided  target  functions  as  a  mosaic  screen. 

In  the  Image  orthlcon,  the  light  Image  1  from  the  subject  Is 
focused  upon  the  semitransparent  photocathode  2,  which  under  the  action 
of  the  light  emits  photoelectrons  3*  These  photoelectrons  fall  Into  a 
strong  accelerating  field,  since  there  Is  a  negative  potential  of  -300  v 
with  respect  to  the  photoelectron  collector  applied  to  the  photocathode. 
With  the  aid  of  an  electron  lens,  the  photoelectrons  are  focused  on 
the  double-sided  target  4,  which  Is  a  semiconducting  glass  film  0.005  mm 
thick. 

As  they  strike  the  glass  target  at  high  velocities,  the  photoelec¬ 
trons  drive  secondary  electrons  5  out  from  Its  surface;  they  are  drawn 
off  by  the  grid  6,  located  at  a  distance  of  0.05  mm  from  the  target, 
and  maintained  at  a  potential  of  +1  v. 

As  a  result  of  the  departure  of  the  secondary  electrons,  various 
sections  of  the  target  surface  become  positively  charged.  Thus,  on  the 
target  surface,  a  potential  map  Is  formed  that  corresponds  to  the  opti¬ 
cal  Image  of  the  subject  on  the  photocathode. 

Let  us  consider  the  mechanism  by  which  the  potential  map  on  the 
target  of  an  Image  orthlcon  Is  converted  Into  vldeoslgnals.  Each  of  the 
sections  (elements)  of  the  target  surface,  facing  the  grid,  forms  two 
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Pig.  15-43.  a)  Diagram  of  basic 
unit  of  superorthicon :  scanning 
beam  —  target  —  grid;  b)  equiva¬ 
lent  electrical  circuit. 

capacitors  (Plg.  15-43a):  a  capacitance  with  respect  to  the  grid, 
and  a  capacitance  O2  with  respect  to  the  section  (elements)  of  the  tar¬ 
get  surface  facing  the  electron  gun.  Since  the  distance  between  target 
and  grid  is  about  ten  times  the  target  thickness,  capacitance  C2  may  be 
assumed  to  be  considerably  larger  than  capacitance  C^.  The  thickness  of 
the  glass  target  and  its  lateral  resistivity  are  so  chosen  that  in  the 
time  it  takes  to  sweep  out  the  image,  l.e.,  the  time  for  a  single  frame, 
the  positive  charges  that  form  as  a  result  of  the  departure  of  the 
secondary  electrons  gradually  accumulate  on  the  target  elements.  Under 
these  conditions,  capacitor  is  charged,  while  capacitor  Cg  remains 
practically  uncharged.  When  the  elements  of  the  rear  side  of  the  target 
are  swept  by  the  beam  1  (Plg.  15 -43a),  a  redistribution  of  charges  be¬ 
tween  capacitors  and  C2  occurs.  As  a  result,  nearly  all  of  the  charge 
of  capacitor  is  transferred  to  capacitor  C2.  With  a  proper  choice  of 
thickness  and  resistivity  of  the  target,  the  charge  flowing  off  capaci¬ 
tor  C2  during  the  time  between  two  successive  scannings,  should  equal 
the  charge  stored  during  the  same  time  on  capacitor  C^.  Thus,  at  the 
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moment  of  alternate  switching,  capacitor  turns  out  to  be  free  and, 
consequently,  ready  to  receive  the  next  charge.  This  pattern  Is  repeat¬ 
ed  during  successive  cycles. 

The  arrangement  of  the  basic  Image -orthl con  unit  that  we  have  con¬ 
sidered  may  be  reduced  to  an  equivalent  electrical  circuit,  consisting 
of  two  series -connected  capacitors  and  C2,  and  a  switch  K  (Plg. 
15-43b),  In  which  the  switch  perfoms  the  same  function  as  the  scanning 
beam  In  the  Image  orthlcon.  If  capacitor  Is  gradually  charged  from 
any  source,  at  the  Instant  the  circuit  Is  closed,  the  charge  on  capaci¬ 
tor  will  be  transferred  almost  completely  to  capacitor  C^,  since 
Cg  Is  much  greater  than  C^.  When  the  circuit  Is  opened,  capacitor  Cg 
discharges  (owing  to  compensation  of  Its  charge  by  the  electrons  of  the 
scanning  beam  during  the  switching  Instant),  and  capacitor  Is  charged 
(owing  to  the  source  of  power).  With  circuit  closings  repeating  at 
specific  time  Intervals,  which  are  equal  to  the  Intervals  of  time  between 

successive  cycles  In  the  Image  orthlcon,  the  picture  will  be  repeated. 

Thus,  before  switching,  the  scanned  side  of  the  target  contains  no 
charges,  while  at  the  Instant  of  switching,  there  are  stored  on  It  the 
charges  of  which  a  portion  Interact  with  the  electrons  of  the  scanning 
beam,  and  the  remaining  portion  flow  off  along  the  target. 

In  the  Image  orthlcon,  sweeping  of  the  target  Is  performed  by 
slow  electrons,  created  as  follows:  The  electrons  leaving  the  cathode 
of  the  electron  gun  are  accelerated  by  the  fields  of  the  first  8  and 
second  9  anodes,  whose  potentials  equal  +210  v,  but  are  retarded  In  the 
region  of  the  third  anode  10,  whose  potential  equals  +125  v  (Plg.  15-42). 
As  they  near  the  target,  these  electrons  are  additionally  slowed  down 

by  the  fields  of  the  retarding  electrode  11,  at  a  potential  of  +25  v, 

and  the  target,  whose  potential  equals  zero,  approximately.  Thus,  a 
beam  of  slow  electrons  7  Is  formed,  which  Is  used  to  scan  the  target. 
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The  velocity  of  these  electrons  is  so  low  that  the  secondary -electron 
emission  coefficient^  as  In  the  orthlcon,  does  not  exceed  0.7-0. 8. 

As  they  fall  upon  an  element  of  the  target,  the  electrons  of  the 
scanning  beam  neutralize  Its  positive  charge.  Depending  upon  the  magni¬ 
tude  of  the  charge  upon  It,  more  or  fewer  electrons  of  the  scanning  beam 
will  be  required  for  neutralization. 

If  the  charge  on  any  element  Is  slight,  a  portion  of  the  electrons 
from  the  scanning  beam  Is  expended  In  neutralizing  the  charge,  while 
the  remainder  (excess)  electrons  are  returned  back  to  the  electron  gun, 
and  form  a  back  electron  beam  12  (Plg.  15-42)  or  2  (Pig.  15-43a). 

Since  the  charges  on  the  various  target  elements  differ,  different 
numbers  of  electrons  will  be  required  for  the  scanning  beam  to  neutral¬ 
ize  them  and,  consequently,  different  numbers  of  electrons  will  be  re¬ 
turned  from  different  elements  as  they  form  the  return  beam.  Thus,  the 
re turn -beam  current  turns  out  to  be  amplitude -modulated  In  accordance 
with  the  distribution  of  the  charges  over  the  target  elements:  large 
charges  correspond  to  low  return-beam  current,  and  conversely. 

Since  maximum  Illumination  of  a  point  on  the  photocathode  corres¬ 
ponds  to  a  target  element  with  maximum  positive  charge,  and  In  neutral¬ 
izing  such  a  charge,  a  larger  number  of  electrons  Is  required  from  the 
scanning  beam,  the  number  of  electrons  In  the  return  beam  will  be 
smaller.  Thus,  the  brightest  point  on  the  object  being  transmitted  will 
correspond  to  minimum  return-beam  current. 

In  moving  from  the  target  toward  the  cathode  of  the  electron  gun 
In  an  accelerating  field,  the  return-beam  electrons,  which  form  the 
vldeoslgnal,  attain  high  speeds.  As  they  Impinge  upon  the  anode  of  the 
electron  gun,  which  Is  at  the  same  time  the  first  emitter  In  a  secondary- 
electron  multiplier  13  (located  around  the  first  anode  of  the  gun),  the 
electrons  of  the  return  beam  drive  out  secondary  electrons,  which  In 
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turn  strike  the  second  emitter,  and  drive  out  from  it  a  still  greater 
number  of  secondary  electrons,  etc.  By  the  time  it  is  taken  off  from 
the  anode  of  the  multiplier,  the  videosignals  have  already  been  ampli¬ 
fied  by  about  a  factor  of  500. 

The  use  of  the  secondary-electron  multiplier  permits  a  considerable 
Increase  in  the  sensitivity  of  an  image  orthlcon.  In  tubes  without  such 
a  multiplier,  the  sensitivity  is  limited  by  the  noise  appearing  in  the 
tube  Itself  and  in  the  electron  tubes  of  the  videosignal  amplifier. 

Where  there  is  an  electron  multiplier  within  the  transmitting  tube  it¬ 
self,  the  sensitivity  is  essentially  limited  only  by  the  noise  in  the 
tube  Itself. 

The  image  orthlcon  has  about  100  times  the  sensitivity  of  an 
orthlcon.  Thus,  the  image  orthlcon  may  operate  under  natural  lighting, 
and  requires  no  additional  light  sources. 

The  image  orthlcon  has  several  substantial  faults,  of  which  the 
basic  is  its  high  noise  level.  As  the  illumination  of  the  object  drops, 
i.e.,  as  the  input  signal  decreases,  the  noise  level  rises.  This  is 
explained  by  the  fact  that  the  darkest  point  on  the  object  image  corres¬ 
ponds  to  maximum  output  current,  and,  consequently,  to  maximum  noise 
level  since  as  the  current  Increases,  noise  rises. 

The  complicated  manufacturing  processes  for  an  image  orthlcon  is 
also  a  drawback. 

The  vldlcon.  The  vldlcon  is  a  transmitting  television  tube  in  which 
an  Internal  photoeffect  is  used  in  place  of  external  photoemlsslon. 

The  basic  part  of  a  vldlcon  (Pig.  15-44)  is  the  photoresistor  1, 
which  is  applied  to  a  semitransparent  metal  layer  2,  which  is  the  signal 
plate.  The  photoresistor  has  a  sensitivity  of  300  ^a/lumen,  i.e.,  it  is 
ten  times  more  sensitive  than  photocells  using  external  photoemlsslon. 

In  the  vldlcon,  the  optical  image  3  of  the  subject  is  projected 
through  the  input  glass  of  the  tube  4  and  the  semitransparent  metal 
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layer  2,  which  Is  the  signal  plate,  onto  the  photoresistor  1.  The  other 
side  of  the  photoresistor  Is  scanned  by  electron  beam  5,  which  Is 
focused  by  a  uniform  magnetic  field  set  up  with  the  aid  of  focusing 
coll  6.  In  addition  to  the  focusing  coll  there  are  alignment  7  and 
focusing  8  coils  around  the  tube  envelope. 

The  semitransparent  metal  layer  of  the  signal  plate  Is  maintained 
at  a  constant  potential  with  respect  to  the  cathode  of  the  electron 
gun.  This  potential  Is  set  at  from  10-30v.  In  front  of  the  photoresistor 
there  Is  located  a  grid  9  that  Is  transparent  to  electrons,  and  that  sets 
up  a  uniform  electric  field  along  the  section  between  the  photoresistor 
and  the  grid. 

If  no  light  falls  on  the  photoresistor.  Its  resistivity  Is  no 
12 

lower  than  10  ohm* cm.  Thus,  only  a  small  dark  current  flows  through 
the  photoresistance.  If  a  light -Image  of  an  object  to  be  transmitted  Is 


Fig.  15-44.  Diagram  of  vldlcon.  * 
l)  Volts. 

projected  on  the  photoresistor.  Its  conductance  rises  sharply,  but  It 
will  be  different  in  different  sections,  depending  upon  the  lllimlnatlon. 
As  a  result,  various  sections  of  the  scanned  surface  of  the  photoreslst- 
or  are  charged  with  respect  to  the  cathode  to  various  positive  poten¬ 
tials,  reaching  +2  v.  The  values  of  these  potentials  depend  upon  the 
time  required  to  scan  a  single  frame:  the  greater  the  frame -scanning 
time,  the  higher  the  potential,  l.e.,  the  higher  the  positive  charge 
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stored  on  one  element  or  another  of  the  photoresistance. 

Upon  neutralization  of  the  positive  charges  on  the  photoresistance 
elements  by  the  electron  beam,  a  negative  vldeoslgnal  current  pulse 
appears  In  the  signal -plate  circuit. 

In  the  poor  lighting  In  which  a  vldlcon  Is  normally  used.  Its 
light  characteristic  (dependence  of  output  signal  upon  light  Incident 
upon  the  tube)  Is  linear,  but  for  large  values  of  Illumination,  satura¬ 
tion  takes  place. 

The  arrangement  and  adjustment  of  the  vldlcon  Is  simple.  The  high 
output -signal  level  does  not  require  amplification  by  means  of  electron 
multiplier.  There  Is  no  need  In  the  vldlcon  for  electrooptlcal  Image 
conversion,  either,  since  the  Inherent  sensitivity  of  this  tube  Is 
quite  high.  Under  normal  operation,  a  current  on  the  order  of  0. 2  jjia 
should  flow  through  the  vldlcon  photoresistor;  this  provides  a  slgnal- 
to-nolse  ratio  of  roughly  100,  l.e.,  the  vldlcon  gives  noiseless 
operation.  The  enumerated  advantages  of  the  vldlcon  make  It  possible 
to  transmit  with  Illuminances  on  the  order  of  several  luxes,  l.e.,  under 
normal  Industrial  Illumination  conditions.  The  dimensions  of  the  vldlcon 
are  comparatively  small  (diameter  25  mm,  length  150  mm). 

The  basic  drawback  to  the  vldlcon,  which  Is  a  property  of  its 
photoresistance.  Is  Its  slow  response. 
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Chapter  Sixteen 
X-RAY  TUBES 

16-1.  X  RAYS:  THEIR  NATURE  AND  PROPERTIES. 

In  1895,  studying  the  properties  of  cathode  rays  (high  speed 
electrons),  Roentgen  observed  that  new.  Invisible  rays  were  emitted 
from  those  parts  of  a  glass  tube  struck  by  cathode  rays.  Roentgen  ob¬ 
served  these  rays  by  the  luminescence  of  a  screen  consisting  of  a  layer 
of  crystalline  particles  of  barium  platlnocyanlde.  The  screen  glowed 
when  the  Invisible  rays  strnick  It.  Roentgen  named  the  new  rays,  whose 
properties  and  nature  were  as  yet  unknown,  X  rays.  Later  they  were 
named  roentgen  rays  In  honor  of  Roentgen. 

X  rays  appear  at  any  time  when  the  flow  of  highly  accelerated 
electrons  meets  any  body  In  Its  path.  Especially  strong  X  rays  are 
obtained  In  those  cases  when  the  fast -moving  electrons  meet  the  heavi¬ 
est  metals,  such  as,  for  example,  platinum  or  tungsten.  In  their 
paths. 

The  detailed  study  of  X  rays  has  established  the  great  diversity 
of  their  properties.  First  of  all,  these  Invisible  rays  can  penetrate 
many  bodies  which  are  opaque  to  visible  light;  they  are  absorbed  and 
scattered  In  different  ways  by  bodies  which  have  different  densities. 

X  rays  Ionize  gases,  making  them  electrical  conductors;  affect  photo¬ 
graphic  plates;  cause  fluorescence  of  some  substances;  and  show  a 
strong  physiological  effect  on  living  organisms  (they  destroy  living 
cells! ).  Finally,  X  rays  do  not  carry  any  sort  of  charge  with  them; 
therefore,  they  are  not  deflected  by  either  magnetic  or  electric 
fields,  and,  consequently,  are  always  propagated  In  straight  lines. 

When  X  rays  pass  through  different  mediums  their  Intensity  Is 
reduced  according  to  the  exponential  law  I  =  I^e"^^,  where  Iq  Is  the 
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Intensity  of  Incident  uniform  (fixed  wavelength)  X-ray  radiation,  I  Is 
the  Intensity  of  X-ray  radiation  after  passing  through  the  layer  of 
matter,  d  Is  the  thickness  of  the  layer,  and  jti  Is  the  coefficient  of 
absorption  of  the  given  matter. 

Ttie  described  properties  of  X  rays  show  that  they  resemble 
neither  cathode  nor  anode  (flow  of  positive  Ions)  rays.  At  the  same 
time,  they  scarcely  resemble  light  rays,  since  they  are  not  strictly 
subject  to  the  laws  of  reflection  and  refraction  established  for 
visible  light.  However,  thorough  Investigation  of  X  rays  has  established 
that  their  nature  Is  like  that  of  visible  light;  the  difference  lies 
only  In  that  X  rays  are  electromagnetic  oscillations  with  a  very  short 
wavelength  (from  several  hundred  A  to  20  A  )  and,  consequently,  they 
have  very  great  energy.  The  quantum  energy  of  X-ray  radiation  Is  on 
the  order  of  tens  or  hundreds  of  thousands  greater  than  the  quantum 
energy  of  visible  light. 

The  wavelength  of  X  rays  depends  on  their  excitation  conditions. 
Soft  X  rays,  with  a  wavelength  of  from  several  A  up  to  20  A,  differ 
from  hard  rays,  whose  wavelengths  amount  to  tenths  or  hundredths  of  A. 
Besides  this.  It  has  been  established  that  the  shorter  the  wavelengths, 
the  harder  the  X  rays  and  the  deeper  they  penetrate  Into  bodies. 

Since  the  wavelength  of  X  rays  Is  considerably  less  than  the  wave¬ 
length  of  visible  light,  ordinary  glass  surfaces,  which  are  smooth 
under  visible  light,  are  rough  under  X  rays.  Just  as  a  matted  glass 
surface  Is  rough  under  visible  light.  This  Is  explained  by  the  fact 
that  the  laws  of  reflection  and  refraction  of  light  optics  are  In¬ 
applicable  to  X  rays. 

16-2.  EXCITATION  OP  X  RAYS. 

X  rays  are  excited  when  electrons  which  have  been  highly  acceler- 
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ated  by  an  electric  field  strike  an  anode.  Two  types  of  rays  may  be 

excited  by  this  means :  bremsstrahlung  X  rays  and  characteristic  X  rays. 

a)  Excitation  of  bremsstrahlung  X  rays. 

If  the  electrons  traverse  a  great  potential  difference  of  the 

accelerating  electrical  field  TJ^  In  the  space  between  the  cathode  and 

the  anode,  at  the  end  of  the  path  they  will  have  acquired  great  kinetic 
2 

energy,  mv  /2  =  eU  .  Since  the  Initial  kinetic  energy  of  the  electrons, 

O. 

which  they  had  at  exit  from  the  cathode.  Is  small,  then,  neglecting  It, 
one  may  consider  that  all  the  electrons  have  the  same  energy,  eUg^,  at 
the  end  of  the  path.  Striking  the  anode,  these  electrons  meet  free  and 
bound  electrons  of  metal  In  their  path,  and,  reacting  with  them,  are 
sharply  decelerated.  In  deceleration,  the  kinetic  energy  of  the  elec¬ 
trons  Is  converted  Into  electromagnetic  oscillation  energy  of  very 
short  wavelength;  that  Is,  Into  X-ray  radiation  energy.  Such  radiation 
has  been  named  bremsstrahlung  X-ray  radiation,  or  simply  bremsstrahlung 
X  rays. 

We  will  designate  the  energy  of  the  quantum  of  X-ray  radiation 
by  h  V.  Then  for  complete  conversion  of  the  kinetic  energy  of  the  elec¬ 
trons  Into  radiation  energy  we  will  obtain  the  equation 


from  which  we  may  determine  the  maximum  energy  or  the  mlnlmiun  wave¬ 
length  corresponding  to  It  by; 

1  _  he  _  12,35 

Mini  ey  y  , 

3  d 

where  A  ,  Is  the  wavelength  of  X-ray  radiation.  In  A,  and  U„  the 
min  ’  a 

anode  voltage  In  kilovolts. 

It  follows  from  this  expression  that  If  the  electrons  have  identi¬ 
cal  kinetic  energies  at  the  moment  they  strike  the  anode,  the  wave- 
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length  of  the  bremsstrahlung  X-ray  radiation  must  be  one  and  the  same 
(monochromatic  radiation);  that  Is,  the  same  spectral  line  as  for  the 
bremsstrahlung  X-ray  radiation  must  be  obtained.  In  reality.  In  de¬ 
celeration  the  kinetic  energy  of  only  some  electrons  Is  entirely  con¬ 
verted  Into  X-ray  radiation  energy.  The  energy  of  the  other  electrons 
Is  only  partially  converted  Into  X-ray  radiation  energy;  the  remaining 
part  of  these  electrons '  energy  Is  converted  Into  heat  energy,  which 
heats  up  the  anode.  Therefore,  actually,  bremsstrahlung  X  rays  do  not 
consist  of  waves  of  one  length,  but  of  numbers  of  waves  of  different 
lengths  ranging  from  to  radiation  on  wavelength  Is  ob¬ 

tained  by  complete  conversion  of  the  kinetic  energy  of  the  electrons 
Into  the  quanta  of  X-ray  radiation.  This  minimum  wavelength  also  de-. 
termlnes  the  boundary  of  the  spectrum  of  bremsstrahlung  X-ray  radiation. 

Naturally,  the  intensity  of  X-ray  radiation  must  be  different  for 
each  value  of  wavelength,  since  It  Is  determined  by  the  number  of 
quanta  possessed  of  this  or  that  energy,  that  Is,  this  or  that  wave¬ 
length.  The  magnitude  of  the  quantum  energy  Is  determined  by  the  por¬ 
tion  of  the  kinetic  energy  of  the  electron  which  entered  Into  the 
formation  of  the  quantum.  Using  a  massive  anode  with  the  atomic  number 
Z  and  constant  values  of  anode  current  and  voltage  In  the  tube,  the 
form  of  the  distribution  curves  of  bremsstrahlung  X-ray  radiation.  In  a 
spectrum,  to  good  approximation,  may  be  described  by  the  equation 

/,  ---  lilUZ  ■  Cfc’A:]. 

Intensity  distribution  In  the  spectrum  of  bremsstrahlung  X-ray 
radiation  for  different  values  of  anode  voltage  shows  that  (Plg.  l6-l). 
In  the  first  place.  Intensity  distribution  of  bremsstrahlung  X-ray 
radiation  corresponds  to  the  continuous  spectrum  and.  In  the  second 
place,  the  commencement  of  the  curves  (Xo)  and  their  maixima  move 
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toward  the  left,  that  is,  toward  the  shorter  wavelengths,  as  anode 


Pig.  16-1.  Intensity  distribution, 
in  a  continuous  spectrum,  of 
bremsstrahlung  rays  for  a  tungsten 
anode  in  the  presence  of  different 
anode  voltages  and  constant  current. 

1)  50  kv;  2)  20  kv. 

voltage  Increases.  This  means  that  the  greater  the  anode  voltage,  the 
harder  and  stronger  the  X-ray  radiation  becomes.  In  the  presence  of 
very  high  anode  voltages,  the  electrons  acquire  enormous  speeds  and 
excite,  together  with  bremsstrahlung  X-ray  radiation,  the  so-called 
characteristic  X-ray  radiation,  as  they  penetrate  atoms, 
b )  Excitation  of  characteristic  X  rays. 

If  an  electron  has  great  energy  and  meets  an  atomic  electron  shell 
in  its  path,  it  may  be  decelerated,  by  this  means  releasing  part  of  its 
energy  in  the  form  of  bremsstrahlung  radiation  energy  and  part  of  the 
energy  in  the  form  of  heat.  If  the  energy  of  the  moving  electrons  is 
too  great,  then,  decelerating  and  converting  part  of  its  kinetic 
energy  into  bremsstrahlung  X-ray  radiation  energy,  it  penetrates  into 
the  atom  and  releases  a  considerable  part  of  its  remaining  energy  to 
one  of  the  electrons  of  the  atom,  which,  having  received  this  energy, 
may  leave  the  atom.  The  place  of  the  electron  which  has  left  may  be 
occupied  by  another  electron  of  the  same  atom  which  is  located  on  a 
higher  energy  level,  or  by  a  free  electron  of  the  anode  metal,  radiating 
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by  this  means  a  quite  definite  quanta  of  energy  In  the  form  of  X  rays 
or  of  light.  Since  electrons  may  be  dislodged  from  various  energy 
levels  of  the  atom, then, when  their  places  are  occupied  by  other  elec¬ 
trons,  the  atoms  will  emit  energy  corresponding  to  these  electron  transi¬ 
tions;  that  Is,  the  energy  of  radiation  on  quite  definite  wavelengths 
characteristic  for  electron  transitions  In  atoms  of  the  given  type. 

Since  the  structure  of  the  electron  shells  of  atoms  of  different 
chemical  elements  Is  different,  then  every  chemical  element  has  a 
spectrum  which  Is  characteristic  only  of  It.  Therefore,  the  X-ray 
radiation  obtained  In  a  given  case  Is  called  characteristic;  It  Is 
not  a  continuous  spectrum,  as  In  the  case  of  bremsstrahlung  X-ray 
radiation,  but  only  separate  spectral  lines. 

We  will  consider  the  theory  of  origin  of  characteristic  X-ray 
radiation,  as  formulated  In  19I6  by  Kossel  on  the  basis  of  the  quantum 
theory  of  the  structure  of  the  boron  atom,  with  the  uranium  atom  as 
an  example. 

The  electrons  revolving  around  the  nucleus  of  the  uranlvun  atom 
may  be  divided  Into  separate  groups,  within  which  they  have  equal 
energies.  These  groups  form  the  so-called  electron  layers  (or  shells), 
conventionally  designated  by  letters  K,  L,  M,  N,  0,  P,  and  correspond 
to  definite  levels  of  energy;  layer  K,  located  closest  to  the  nucleus, 
corresponds  to  one  level  of  energy  (the  lowest  energy  level),  layer  L 
consists  of  three  levels  of  energy  (L^,  Lg,  L^),  layer  M,  five  levels 
(M^  through  M^),  layer  N,  seven  (N^  through  N.^),  layer  0,  five  (O^ 
through  0^).  The  most  distant  from  the  nucleus,  layer  P,  consists  of 
three  levels  of  energy  (P^-'  ^2^  ^3^’  these  are  the  highest  levels  of 
energy.  Thus,  24  energy  levels  are  distinguished.  The  number  of  energy 
levels  Is  determined  by  the  amount  of  electrons  In  the  atom  and  varies 
from  one  to  24.  For  example,  the  uranium  atom  Is  characterized  by  24 


levels  of  energy  (Plg.  16-2)^  conventionally  Indicated  In  the  text 
figure  In  the  form  of  circles,  which,  of  course,  have  nothing  In 
common  with  the  actual  complex  orbit  of  the  electrons. 

With  the  aid  of  the  cited  schematic  of  the  energy  levels  of  the 
atom  It  Is  easy  to-  explain  the  origin  of  characteristic  X-ray  radiation. 
The  fact  Is,  If  a  free  electron,  which  has  a  great  enough  energy, 
penetrates  Into  the  atom.  It  may  displace  an  electron  from  any  level 
(for  example,  from  level  K).  If,  by  this  means,  a  free  electron  and  an 
electron  which  has  been  displaced  from  level  K  are  removed  from  the 
atom,  then  a  shell  vacancy  Is  created  In  layer  K,  and  the  atom  becomes 
a  positive  Ion.  A  metallic  atom  cannot  remain  In  such  a  state  for  long. 
One  of  the  electrons  which  belong  to  the  higher  energy  level  or  a  free 
electron  from  the  periphery  of  the  atom  shifts  to  the  free  space  In 
layer  K.  In  such  transition,  as  we  know,  the  atom  radiates  energy,  the 
quantity  of  which  Is  equal  to  the  difference  between  the  energy  of 
the  electron  located  In  the  higher  level,  and  Its  energy  In  the  level 
to  which  It  has  shifted  (for  example,  from  level  L  to  level  K).  By 
this  means  the  atom  emits  one  wave  of  radiant  energy,  that  Is,  It 
gives  one  spectral  line. 

Since  electrons  may  shift  to  level  K  from  any  of  the  other  over- 
lying  levels,  then  the  atom  will  radiate  energy  in  the  form  of  quanta 
with  various  wavelengths  corresponding  to  the  fixed  electron  shifts. 

The  series  of  spectral  lines  corresponding  to  the  wavelengths 
originated  In  electron  transitions  from  the  overlying  energy  levels 
to  level  K  are  called  characteristic  X-ray  lines  of  the  K  series 
spectrum.  Similarly,  electron  transitions  from  overlying  levels  to 
level  L  give  spectral  lines  which  are  called  L-serles  lines  and  so 
forth. 

Characteristic  X  rays  of  the  K-serles  are  harder  than  rays  of 
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other  series.  This  Is  explained  by  the  fact  that  In  the  transition^ 
for  example,  of  electrons  from  the  periphery  of  the  atom  to  the  K- 
level  the  atom  radiates  the  greatest  energy,  corresponding  to  the 


Pig.  l6-2.  Conventional  diagram 
of  energy  level  distribution  and 
electron  transitions  accompanying 
Irradiation  (for  the  uranium  atom), 
l)  L-series;  2)  M-series;  3)  K- 
series;  4)  periphery  of  the  atom; 
n  =••. 

quantiun  with  the  shortest  wavelength. 

Characteristic  X  rays  are  created  In  electron  transitions  from 
the  higher  energy  levels  to  the  lower,  since  In  this  case  the  differ¬ 
ence  between  the  energies  corresponding  to  these  levels  Is  greatest, 
and  the  wavelengths  of  the  radiated  quanta  of  energy  are  small.  If 
transitions  take  place  from  the  Initial  levels  to  others  which  are 
little  different  In  their  energies  from  the  Initial  levels,  then  the 
quanta  of  the  radiant  energy  are  small,  and  the  wavelengths  great. 
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In  such  transitions  the  atoms  radiate  lines  In  the  visible  part  of 
the  spectrum,  that  Is,  ordinary  visible  light. 

In  the  heavy  atoms  the  layers  closest  to  the  nucleus  have  Identi¬ 
cal  structure.  Electron  transition  In  these  layers  must  give  a  fixed 
hardness  of  radiation,  that  Is,  an  equal  amount  and  location  of  spec¬ 
tral  lines  of  characteristic  X-ray  radiation.  However,  the  hardness  of 
characteristic  X-ray  radiation  does  not  depend  only  on  electron  transi¬ 
tion,  but  also  on  the  atomic  niomber  of  the  element:  the  greater  the 
atomic  number  of  the  element,  the  greater  the  charge  of  the  nucleus 
and  the  stronger  the  electrical  field  around  It.  Therefore,  the  differ¬ 
ence  of  energy  between  analagous  layers  in  different  atoms  also  in¬ 
creases  In  proportion  to  the  atomic  number  of  the  element. 

Characteristic  X-ray  radiation  originates  simultaneously  with 
bremsstrahlung  X-ray  radiation  In  the  presence  of  higher  anode  voltages. 
The  quantity  of  the  anode  voltage  for  this  must  be  not  less  than  the 
so-called  critical  value  U.  w,*  which  Is  determined  from  the  equation 

•  IC 

//  __  12.35 

^a.K  X  • 

K 

where  Is  the  least  wavelength  of  the  series  of  spectral  lines,  which 
are  excited  by  the  critical  value  of  anode  voltage;  the  wavelength  of 
the  spectral  lines  from  the  anode  voltage  does  not  depend  on  them  but 
depends  only  on  the  electron  transition  In  atoms  of  the  substance  in 
which  the  electrons  are  decelerated. 

Practically  speaking.  In  the  presence  of  comparatively  low  anode 
voltages.  It  Is  possible  to  obtain  only  bremsstrahlung  X-ray  radiation 
In  a  pure  form. 

Knowing  these  spectral  lines,  we  can  say  to  which  substance  they 


*  ^^a.k  -  ^a.k  ^critical  value’  ^ 
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belong,  that  Is,  Identify  the  substance  by  Its  spectral  lines. 

Characteristic  X-ray  radiation  has  considerably  less  energy  than 
bremsstrahlung  X-ray  radiation.  Practical  use  of  X-ray  radiation.  In 
the  overwhelming  majority  of  cases.  Is  made  only  of  bremsstrahlung 
rays.  Characteristic  X  rays  are  used  only  In  X-ray  defraction  and  X- 
ray  spectral  analyses. 


Pig.  16-3.  Distribution  of  spectrum 
Intensity  of  bremsstrahlung  and 
characteristic  radiation  for  a  tube 
with  rhodium  anode. 

1)  kv. 

The  line  spectmom  of  characteristic  radiation  and  the  continuous 
spectrum  of  bremsstrahlung  radiation  for  a  tube  with  a  rhodium  anode 
with  anode  voltages  of  13*2,  31-8,  and  40  kilovolts  are  shown  In 
Fig.  16-3.  The  Intensity  distribution  curves  of  the  X-ray  radiation 
show,  according  to  the  spectrum,  that  with  a  voltage  of  13.2  kv  only 
bremsstrahlung  X-ray  radiation,  giving  a  continuous  spectrum.  Is 
excited.  With  a  voltage  of  31.8  kv  In  the  tube,  together  with 
bremsstrahlung  radiation,  giving  a  continuous  spectrum,  there  Is  also 
excited  characteristic  X-ray  radiation  giving  a  line  spectrum,  and 
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superimposed  on  the  continuous  spectrum  of  the  bremsstrahlung  radia¬ 
tion.  With  a  voltage  of  4o  kv,  the  Intensity  distribution  of  the  radia¬ 
tion,  according  to  the  spectimim,  remains  qualitatively  the  same  as  at 
31.8  kv.  Prom  this  It  follows  that  with  the  Increase  of  anode  voltage 
the  Intensity  of  bremsstrahlung  and  characteristic  X-ray  radiation  Is 
Increased,  but  the  wavelength  of  characteristic  radiation  remains  In¬ 
variable.  Besides  this,  bremsstrahlung  radiation  becomes  harder  as 
anode  voltage  Increases. 

16-3.  PRACTICAL  USAGE  OP  X  RAYS. 

The  properties  of  X  rays  have  predestined  their  widespread  appli¬ 
cation  In  science,  technology,  and  medicine.  X  rays  are  used  for  diag¬ 
nosis  (X-ray  examination)  In  medicine.  By  means  of  fluoroscopy  the 
structure  and  arrangement  of  the  Internal  organs  of  the  patient  are 
studied,  and  their  defects  are  revealed.  Por  example,  by  means  of  X-ray 
examination,  diseases  of  the  lungs  and  teeth  are  diagnosed  and  the  gas¬ 
trointestinal  tract  Is  Inspected. 

Placing,  for  example,  a  hand  between  a  fluorescent  screen  and  an 
X-ray  tube,  one  may  see  the  shadow  Image  of  the  bones  on  the  screen, 
since  bones  attenuate  X  rays  more  strongly  than  soft  tissue.  This 
Image  may  be  focused  on  a  light-sensitive  film  and  an  X-ray  photograph 
obtained,  which  facilitates  the  diagnosis  of  diseases  of  the  bone, 
discovery  of  foreign  objects  In  the  hviman  body,  and  so  forth.  Pluores- 
cent  screens  which,  under  the  action  of  X  rays,  luminesce  with  a 
green  color  are  used  In  X-ray  examination  and  visual  observation, 
because  the  human  eye  Is  most  sensitive  to  this  color. 

X  rays  of  fixed  hardness  and  Intensity  are  used  In  medicine  and 
for  medical  purposes  (X-ray  therapy).  Por  example,  with  the  aid  of 
X  rays,  skin  diseases  and  some  types  of  cancer  are  treated;  the 
healing  of  open  wounds  Is  expedited,  and  so  forth. 
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For  medical  treatment,  tubes  are  used  In  which  a  narrow  beam  of 
X  rays  Is  utilized.  This  beam  Is  concentrated  only  on  the  affected 
parts  of  the  human  organism. 

In  technology,  X  rays  are  widely  utilized  for  the  Inspection,  for 
example,  of  the  quality  of  casting  and  welding  and  for  X-ray  diffraction 
and  X-ray  spectral  analyses. 

X-ray  Inspection  of  materials  or  finished  parts  (X-ray  defecto¬ 
scopy  Is  made  with  the  aid  of  very  hard  X  rays,  which,  penetrating  to 
a  great  depth  and,  being  absorbed  differently  by  a  substance  with  a 
differing  density,  permit  the  observation  of  possible  heterogeneities 
and  defects  without  destroying  the  Inspection  sample. 

If  X  rays  traverse  through  metal.  Inside  of  which  there  Is,  for 
example,  a  blister,  the  rays  which  do  not  meet  blisters  In  their  path 
and  traverse  the  entire  thickness  of  the  metal  are  absorbed  to  a  greater 
degree  than  the  rays  which  have  met  a  blister  In  their  path.  The  atten¬ 
uated  rays  operate  more  weakly  on  a  fluorescent  screen  placed  behind 
the  metal  than  do  the  undlffused  rays  and  the  blister  Is  reflected  as 
a  lighter  patch  of  corresponding  shape  on  the  darker  background  of  the 
remaining  metal.  Detailed  visual  X-ray  examination  Is  not  sufficiently 
accurate.  A  more  sensitive  method  of  examination,  by  means  of  selection 
of  exposure  and  tube  anode  voltage.  Is  to  obtain  an  X-ray  photograph 
of  the  Inspection  sample. 

Soft  X  rays  are  not  suitable  for  X-ray  exeunlnatlon  since  they  are 
strongly  absorbed  by  metal. 

X-ray  diffraction  analysis.  In  which  the  scattering  effect  of 
X  rays  by  crystalline  substances  Is  used.  Is  carried  out,  as  a  rule, 
with  the  aid  of  monochromatic  X  rays,  that  Is,  rays  of  one  and  the 
same  wavelength.  The  scattering  Is  caused  by  the  fact  that  the  distance 
between  adjacent  atoms  of  the  space  lattice  and  wavelength  of  the  X  rays 
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have  the  same  order;  accordingly,  the  X  rays  may  be  In  certain  condi¬ 
tions  reflected  from  the  surfaces  of  the  space  lattice  of  the  crystal. 
These  conditions  are  the  fixed  relationships  between  the  wavelength  of 
the  Incident  X  rays,  the  angle  of  their  Incidence  on  the  surface  of  the 
crystal,  and  the  distance  between  the  two  adjacent  reflecting  surfaces. 

In  X-ray  diffraction  analysis,  the  X  rays  are  aimed  at  the  Inspec¬ 
tion  sample,  which  has  been  placed  In  a  special  chamber.  The  X  rays 
reflected  at  fixed  angles  from  the  various  surfaces  of  the  space  lattice 
of  the  crystal  of  the  sample  strike  a  light-sensitive  film,  on  which, 
after  development,  dark  lines  or  patches,  depending  on  the  method  of 
analysis,  are  observed.  These  lines  (or  patches)  are  arranged  In  ac¬ 
cordance  with  the  X  rays  reflected  from  the  crystal  and  falling  on  the 
film.  The  structure  of  the  Inspection  sample  Is  determined  from  their 
arrangement . 

In  structural  analysis  either  bremsstrahlung  rays  or  characteristic 
rays  may  be  used.  In  the  latter  case,  the  material  of  the  anode  of  the 
X-ray  tube  must  be  such  that  the  wavelength  of  the  X-ray  radiation  Is 
close  to  the  distance  between  the  two  adjacent  reflecting  surfaces  of 
the  crystalline  lattice  of  the  substance  being  Inspected.  For  this 
reason,  anodes  or  tubes  for  structural  analysis  are  made  of  various 
materials,  and  anode  voltage  Is  selected  In  accordance  with  the  require¬ 
ments  of  the  analysis.  Anode  voltages  In  use  vary  from  15  to  100  kv. 

Quantitative  and  qualitative  analysis  of  the  elements  Included 
In  the  material  being  studied  Is  carried  out  by  the  X-ray  spectral 
analysis  method.  In  most  cases.  In  X-ray  spectral  analysis  the  so- 
called  emission  method  Is  used.  In  which  the  Inspection  sample,  placed 
at  the  anode  of  the  X-ray  tube.  Is  exposed  to  electron  bombardment  and 
the  characteristic  X-ray  radiation  produced  by  this  means  Is  studied 
with  the  aid  of  the  X-ray  spectrograph.  In  the  spectrograph,  the  X  ray. 


In  passing  through  the  crystalware  scattered,  and  then,  as  in  struc¬ 
tural  analysis,  act  upon  a  light-sensitive  film. 

Voltages  and  exposures  used  In  the  emission  method  are  much  the 
same  as  those  used  In  structural  analysis. 

16-4.  THE  ELECTRONIC  X-RAY  TUBE:  ITS  CHARACTERISTICS  AND  PARAMETERS. 

The  electronic  X-ray  tube.  In  Its  simplest  form,  consists  of  a 
glass  bulb.  Inside  which  two  electrodes  are  located:  the  cathode  (l) 

and  the  anode  (2)  (Plg.  l6-4).  The  air  Is  carefully  evacuated  from 

/  —6 
the  bulb  (the  pressure  of  the  remaining  gases  must  not  exceed  10 
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10  millimeters  of  mercury.  The  cathode  Incandesces  to  working 
temperature  and  serves  as  the  source  of  the  electrons  which  are  re¬ 
quired  for  excitation  of  X-ray  radiation  at  the  anode.  High  positive 
voltage,  usually  tens  or  hundreds  of  kilovolts.  Is  fed  to  the  tube's 
anode  to  give  the  electrons  great  speeds.  The  higher  this  voltage, 
the  greater  the  penetrating  power  the  X  rays  possess.  In  tubes  working 
at  voltages  below  500  kv,  the  anode  Is  made  solid  and  cut  at  an  angle 
of  20  to  45°  toward  the  direction  of  movement  of  the  flow  of  electrons 

(Plg.  l6-5).  With  such  an  anode  cut,  the  X  rays  have  the  greatest 

o 

Intensity  In  a  solid  angle  of  about  25  to  30  ,  circumscribed  around  a 
normal  toward  the  central  part  of  the  working  surface  of  the  anode. 

With  Increase  of  the  solid  angle  the  Intensity  of  the  X-ray  radiation 
decreases  (Elg.  l6-6),  since  the  X  rays  excited  In  the  anode  traverse 
greater  distances  In  these  directions  In  the  body  of  the  anode  and  are 
more  strongly  diffused  than  In  the  direction  perpendicular  to  the  anode. 
In  a  perpendicular  direction  the  X  rays  traverse  distances  In  the  body 
of  the  anode  which  are  equal  to  the  depth  of  penetration  of  the  electrons 
In  the  anode  (approximately  10~^  mm). 

To  obtain  strong  X-ray  radiation,  the  electrons  departing  from 
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the  cathode  are  focused  on  the  working  plane  of  the  anode.  In  its 
simplest  form,  such  a  focusing  device  Is  a  cylinder.  Inside  of  which 
the  cathode  Is  placed.  Sharpness  of  focusing  depends  on  the  location  of 


Pig.  l6-4.  Structure  of  an  X-ray 
tube  with  radiation  cooling. 


the  cathode  In  the  focusing  cylinder:  sharper  focusing  Is  obtained  by 
placing  the  cathode  deeper  In  the  cylinder. 

The  part  of  the  working  surface  of  the  anode  on  which  the  focused 
beam  of  electrons  falls  Is  called  the  focus  of  the  tube.  The  focus  Is 
circular  or  rectangular,  detennlned  by  the  shape  of  the  cathode  and 
the  shape  of  the  focusing  device.  The  excited  X  rays  are  propagated 
from  the  tube  focus  In  a  straight  line  by  the  outgoing  beam. 


flomoK  MeKmpttMod 


Pig.  16-5.  Direction  of  electron 

flow  and  X-ray  flow. 

l)  Plow  of  electrons;  2)  X  rays. 


To  Increase  the  Intensity  of  X-ray  radiation.  X-ray  tubes  are 
made  with  small  strongly  marked  focuses  which  form  a  small  focus  spot 
of  the  required  shape  In  the  middle  of  the  working  surface  of  the 
anode. 

Th.e  greatest  density  of  electrons,  whose  kinetic  energy  In  decelera¬ 
tion  Is  converted  Into  X-ray  radiation  and  heat  energy.  Is  created  in 
these  focal  spots.  By  this  means,  at  best,  several  per  cent  of  the  entire 
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kinetic  energy  of  the  electrons  changes,  during  their  deceleration. 
Into  X-ray  radiation  energy,  and  the  greatest  part  of  the  energy  (of 
the  order  of  98  per  cent)  changes  to  heat  energy.  As  a  result,  the 


Pig.  l6-6.  Spatial  distribution 
of  X-ray  radiation  Intensity. 

anode  heats  up  to  a  very  high  temperature  and  dlschai'ges  a  great 
quantity  of  gases.  As  a  consequence  of  this,  the  operating  conditions 
of  the  tube  are  disturbed.  For  normal  tube  operating  conditions,  by 
which  the  greatest  possible  Intensity  of  X-ray  radiation  Is  obtained, 
this  heat  must  be  removed  from  the  focal  point.  For  this  purpose,  the 
anode  body  Is  made  from  copper  and  cooling  Is  applied. 

If  the  tube's  construction  does  not  provide  for  a  cooling  device. 

Its  anode  Is  made  of  hlgh-^neltlng  metal  (usually  of  tungsten),  which, 
when  the  tube  operates,  heats  up,  and  scatters  the  heat  Into  the 
surrounding  space  by  means  of  radiation  (natural  cooling).  In  powerful 
tubes,  anodes  with  a  hollow  stem  are  used.  A  metallic  reservoir,  whose 
cavity  Is  connected  with  the  cavity  of  the  stem.  Is  fastened  to  the 
outer  end  of  the  stem  (Plg.  I6-7).  The  reservoir  Is  filled  with  dis¬ 
tilled  water.  When  the  tube  operates,  the  water  In  the  hollow  of  the 
stem  of  the  anode  heats  up  and  by  Its  natural  circulation,  the  heat  Is 
removed  from  the  anode  to  the  reservoir,  and  transferred  to  the  surix)und- 
Ing  space  through  Its  wall.  More  Intensive  cooling  Is  attained  by 
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forced  circulation  of  water  or  oil,  accomplished  with  the  aid  of  a 
pvunp  or  running  water  from  a  pipe  line.  In  the  latter  case  the  anode 
of  the  X-ray  tube  Is  grounded. 


Pig.  16-7.  110 -kv  X-ray  tube 
with  water  cooling  for  operation 
In  air. 


In  low-power  tubes  radiation  cooling  Is  used;  the  stem  of  the 
anode  Is  made  continuous  and  a  radiator  (3  In  Pig.  l6-4)  Is  fastened 
to  it  from  the  outside  to  remove  heat  from  the  anode  to  the  surround- 


Plg.  16-8.  X-ray  tube  for  structural 
analysis. 
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Ing  space. 

A  significant  rise  of  anode  temperature  limits  the  permissible 
load  of  the  X-ray  tube.  Modern  X-ray  tubes  have  a  continuous  per¬ 
missible  load  of  not  more  than  several  kilowatts. 

The  primary  electrons,  focused  and  highly  accelerated,  moving  from 
the  cathode  to  the  anode  may  cause  not  only  X-ray  radiation  from  the 
anode,  but  also  a  secondary  electron  emission.  By  this  means  part  of 
the  primary  electrons  may  be  reflected  from  the  anode.  Also,  the 
reflected  electrons,  striking  the  Internal  surface  of  the  glass  bulb 
of  the  tube  with  great  speed,  heat  it  up  and  cause  an  additional 
secondary  electron  emission  from  it.  Besides,  the  primary  electrons, 
striking  the  Internal  surface  of  the  bulb,  form  a  negative  surface 
charge  on  it.  As  a  result,  the  tube's  operating  conditions  deteriorate 
noticeably.  To  eliminate  the  hamiful  Influence  of  the  electrons  strik¬ 
ing  the  internal  surface  of  the  bulb,  metal  screens  are  used,  by  means 
of  which  both  the  primary  electrons  reflected  from  the  anode  and  the 
secondary  electrons  discharged  from  the  anode  are  caught.  The  typical 
construction  of  an  X-ray  tube  with  a  protective  screen  (a  copper  sheet 
fastened  to  the  anode  which  catches  electrons  moving  from  the  anode 
to  the  bulb)  is  shown  in  Pigs.  l6-8  and  16-10.  The  rays  pass  through 
holes  in  the  sheet,  in  which,  in  some  cases,  a  thin  special  plate  of 
beryllliim  is  Inserted,  which  arrests  the  primary  electrons  reflected 
from  the  anode,  but  has  practically  no  absorption  effect  on  X  rays. 

The  intensity  of  X-ray  radiation  depends  on  anode  voltage,  anode 

current,  and  atomic  number  (z)  of  the  element  of  which  the  anode  is 

made.  The  character  of  this  relationship  is  determined  by  the  formula 

I-  =  kU?I„Z,  where  k  is  the  factor  of  proportionality  depending  on  the 
A  a  a  — 

construction  of  the  tube.  Therefore,  to  Increase  the  intensity  of  X-ray 
radiation  it  is  necessary  to  increase  not  only  the  anode  voltage  and 
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anode  current,  but  also  the  atomic  number  of  the  anode's  element,  that 
Is,  it  is  necessary  to  make  the  anode  of  high-melting  metal  with  large 
atomic  numbers,  for  example,  tungsten  or  platinum.  However,  practically 


Pig.  16-9.  Anode  of  an  X-ray  tube. 

1)  Anode  body;  2)  anode  mirror. 

speaking,  in  many  cases  it  has  been  found  more  advantageous  to  make  the 
anode  of  copper,  and  solder  into  its  body  the  so-called  mirror,  a  plate 
of  the  corresponding  heavy  metal,  as  shown  in  Pig.  I6-9. 

It  also  follows  from  the  formula  shown  that  to  provide  the  required 
intensity  of  X-ray  radiation  the  cathode  of  the  X-ray  tube  must  have 
a  sufficiently  great  thermionic  emission. 

The  shape  and  size  of  the  surface  of  the  glass  bulb  of  the  X-ray 
tube  are  selected  with  the  Intention  of  diffusing  all  particles  that 
strike  Its  Inner  surface  at  a  comparatively  low  temperature.  The  bulb's 
glass  Is  chosen  In  accordance  with  the  wavelengths  of  the  tube's  X-ray 
radiation.  In  those  cases  when  the  X-ray  radiation  used  Is  very  soft 
and  easily  absorbed  by  the  glasses  of  a  bulb  made  of  ordinary  glass, 
special  kinds  of  glass  are  used  which  have  little  absorbing  effect  on 
soft  X-ray  radiation,  and  special  areas  are  made  In  the  bulbs  of  these 
glasses,  through  which  the  soft  X-rays  pass. 

In  essence,  an  X-ray  tube  Is  a  two-electrode  electronic  tube. 
Therefore,  Its  volt-ampere  characteristics  are  similar  to  the  volt- 
ampere  characteristics  of  the  ordinary  diode.  Characteristics  of 
spatial  charge  conditions  are  approximately  subject  to  the  three -halves 
law,  and  anode  current  In  saturation  conditions  is  practically  determined 
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only  by  cathode  temperature. 

Saturation  conditions  In  X-ray  tubes  occur  at  considerably  greater 
anode  voltages  ^  by  comparison,  than  In  ordinary  electronic  devices, 
which  Is  explained  by  their  construction  features. 

The  saturation  condition  In  X-ray  tubes  Is  the  working  condition 
at  which,  with  -constant  saturation  anode  voltage  and  constant  tempera¬ 
ture  of  the  cathode,  fixed  hardness  and  Intensity  of  X-ray  radiation 
are  obtained.  Without  changing  anode  voltage,  but  changing  cathode 
temperature.  It  Is  possible  to  Increase  or  decrease  X-ray  radiation  In¬ 
tensity  without  changing  Its  hardness,  which  Is  very  important,  for  ex¬ 
ample,  in  medicine. 

To  Increase  Intensity  and  hardness  of  X-ray  radiation,  special 
X-ray  tubes  are  made,  which  work  by  pulse  operation  In  which,  parallel 
to  cathode  overheating,  a  voltage  two  or  three  times  greater  than 
nominal  is  supplied  to  the  tube's  anode  for  several  microseconds.  Under 
these  working  conditions,  the  tube  delivers  powerful  Impulses  of  X-ray 
radiation  of  considerable  hardness. 

At  present.  X-ray  tubes  exist  which  deliver  hard  radiation  of 
great  power  and  are  Intended  for  Inspection  of  metallic  parts  and  ma¬ 
terials  of  great  thickness.  Anode  voltages  of  such  tubes  reach  0.5  to 
2  million  volts. 

16-5.  CONSTRUCTION  DESIGN  FEATURES  OP  X-RAY  TUBES. 

X-ray  tubes  are  divided  Into  two  classes,  according  to  the  method 
of  obtaining  free  electrons  and,  partly,  by  their  construction.  Ionic 
X-ray  tubes  belong  to  the  first  class.  In  which  there  are  always  small 

-■5 

amounts  of  gas  at  pressures  of  approximately  10  millimeters  of 
mercury  and  whose  cathodes  are  not  specially  preheated.  Ionic  X-ray  tubes 
are  described  In  the  course  on  Ionic  devices.  At  the  present  time,  the 
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areas  of  usage  of  these  tubes  is  limited  since  they  are  not  entirely 
perfected. 

Ihe  electronic  X-ray  tubes,  which  we  are  now  considering,  belong 
to  the  second  class;  their  special  features  are  an  Incandescent  cathode 
and  high  vacuum. 


Pig.  16-10.  X-ray  tube  for 
examining  material  with  flowing 
oil  cooling  for  work  in  oil. 


Electronic  X-ray  tubes  are  divided,  according  to  their  usage,  into 
medical  and  technological  tubes. 

Medical  X-ray  tubes.  In  turn,  are  subdivided  Into  diagnostic  and 
therapeutic  tubes. 

Technological  X-ray  tubes  are  subdivided  Into  tubes  for  X-ray  In¬ 
spection  of  various  materials  and  parts,  and  tubes  for  structural  and 
spectrographlc  analysis. 


Pig.  16-11.  Actual  (a)  and  optical 
(b)  focal  points  in  a  tube  with 
line  focusing. 

A)  X-ray  tube's  anode. 
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X-ray  tubes  for  structural  analysis.  Soft  X  rays,  which  are  strongly 
absorbed  even  by  ordinary  glass,  are  often  used  In  structural  analysis. 
Therefore,  special  windows  made  of  "getan"*  or  vacuum-tight  beryllium 
which  have  almost  no  absorption  effect  on  soft  X-ray  radiation  are 
placed  In  the  glass  bulb  of  tubes  of  this  type  for  output  of  X  rays. 

As  a  result.  Intensity  of  soft  X-ray  radiation  Is  considerably  In¬ 
creased.  Besides  this,  radiation  Intensity  is  also  increased  without 
decrease  of  focus  area,  the  diameter  of  which  ordinarily  Is  several 
millimeters. 

Since  tubes  for  structural  analysis  are  Intended  for  prolonged 
work,  hollow  anodes  and  water  cooling  from  a  pipe  line  (with  a  grounded 
anode)  are  used  In  them. 

The  construction  of  an  X-ray  tube  for  structural  analysis  is 
shown  In  Pig.  l6-8.  The  cathode  (l)  and  the  hollow  anode  (2)  are  lo¬ 
cated  Inside  the  glass  bulb.  To  protect  the  bulb  from  the  reflected 
electrons  striking  It,  the  working  part  of  the  anode  has  a  sheath  (3)/ 

In  which  four  holes  (4)  are  made  for  output  of  X  rays,  opposite  which 
four  windows  (5)  are  provided  in  the  bulb;  for  protection  from  the 
unused  X  rays,  the  anode  Is  connected  with  a  metal  cylinder  (6),  In 
which  four  apertures  also  are  provided  for  opposite  the  windows.  The 
X  rays  radiating  from  the  windows  permit  simultaneous  Irradiation  of 
four  chambers,  and  the  objects  placed  In  them.  In  tubes  of  this  type, 
the  anodes  are  cut  straight.  Targets  of  various  materials  to  obtain  the 
characteristic  rays  which  are  needed  for  structural  analysis  are  soldered 
Into  the  surface  of  this  cut. 

Special  take-down  X-ray  tubes  are  made  for  X-ray  spectroemlsslon 
analysis;  the  substances  under  study  are  placed  at  their  anodes. 

X-ray  tubes  for  X-ray  Inspection  of  material.  The  construction  of 
a  tube  for  X-ray  Inspection  of  material  is  shown  In  Pig.  16-10.  The 
*  [Sic.  A  type  Of  glass  not  opaque  to  soft  X  rays.  ] 
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tube  Is  Intended  for  operation  In  a  protective  housing  with  oil -flow 
cooling.  Some  types  of  X-ray  tubes  for  X-ray  Inspection  of  materials 
attain  a  length  of  one  meter  or  more.  In  such  tubes.  In  addition  to 
electrical  focusing  which  Is  Inadequate  because  of  the  great  distance 
between  the  cathode  and  the  focal  point,  an  additional  magnetic  focus¬ 
ing  by  means  of  a  focusing  coll,  fastened  to  the  tube  on  the  outside. 

Is  used.  The  required  focus  level  of  the  electron  beam  Is  attained  by 
regulating  the  current  flowing  through  the  coll. 

Plow  cooling  of  the  hollow  anode  Is  used  In  present-day  tubes  for 
X-ray  Inspection  of  material  (especially  for  screen  Inspection)  to  ob¬ 
tain  the  greatest  Intensity  of  X-ray  radiation  In  prolonged  work  with 
high  anode  voltages  (up  to  I50  kv). 

To  obtain  sharp  and  large  Images,  the  focus  diameter  In  some  kinds 
of  tubes  Is  carried  to  several  tenths  of  a  millimeter  with  simultaneous 
reduction  of  the  maximum  permissible  power  of  the  tube. 

Diagnostic  X-ray  tubes.  Diagnostic  X-ray  tubes  are  made  for  porta¬ 
ble  apparatuses  with  working  voltages  of  SO-JO  kv  and  for  mobile  and 
stationary  apparatuses  with  a  voltage  of  75-110  kv.  These  tubes  work 
for  short-term  operations  on  X-ray  photographs  with  a  short  exposure, 
but  with  Increased  power.  However,  they  do  not  require  Intensive 
cooling,  since  the  heat  Is  slowly  dispersed  from  the  focal  point  to  the 
anode  and  then  to  the  cooling  system  during  -the  time  of  exposure.  In  a 
given  case,  the  limits  of  power  permissible  for  short-term  operation  of 
the  tube  depend  only  on  the  size  of  the  focal  point  and  length  of  ex¬ 
posure,  and  not  on  the  method  of  cooling.  The  greater  the  time  of  ex¬ 
posure  and  the  smaller  the  focal  point,  the  smaller  the  maximum  per¬ 
missible  tube  power  to  obtain  the  required  Intensity.  Therefore,  the 
majority  of  present-day  diagnostic  tubes  have  radiation  cooling. 

Increase  of  power  and,  consequently,  of  Intensity  of  X-ray  radia- 


-  604  - 


tlon  l3  attained  by  a  line  focus,  the  area  of  which  Is  approximately 
three  times  as  great  as  the  area  of  the  visible  (optical)  focus  (Plg. 
16-11). 


Pig.  16-12.  Diagnostic  X-ray 
tube  with  revolving  anode. 


In  some  diagnostic  X-ray  tubes,  there  are  two  focal  points  and 
accordingly  two  cathodes.  One  of  these  focal  points  (the  smaller  size) 
Is  used  for  X-ray  examination  and  the  other  (of  larger  size)  for 
photographs. 

The  most  complicated  In  construction  are  the  so-called  diagnostic 
tubes  with  revolving  anodes.  In  which  the  cathode  Is  offset  from  the 
axis  of  the  tube,  and  a  revolving  anode  having  the  form  of  a  disc 
(Plg.  16-12)  Is  fastened  at  one  end  of  the  axis;  on  Its  other  end  a 
copper  cylinder,  which  Is  also  the  rotor  of  a  squirrel -cage  motor.  Is 


Pig.  I6-I3.  15-kv  X-ray  tube  for 
skin  therapy. 


fastened.  The  stator  of  the  motor  Is  fastened  to  the  X-ray  tube  from 
the  outside.  When  the  anode  revolves  (speeds up  to  27OO  rpm),  the  focus 
Is  shifted  along  Its  surface  which  remains  fixed  In  relationship  to  the 
fixed  bulb  of  the  tube.  With  a  constant  focal  size,  such  tubes  permit, 
for  short  work  periods,  an  Increase  In  load  by  several  times  normal. 
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A  line  focus  Is  used  In  tubes  with  revolving  anodes.  Thanks  to  thls^ 
with  exposures  of  0.05  to  0.1  sec  and  natural  anode  cooling,  tube 
power  reaches  50  kv. 


K 


Pig.  l6-l4.  Structure  of  a 
therapeutic  X-ray  tube  with 
hollow  anode  for  body-cavity 
and  short -focus  therapy. 

Therapeutic  X-ray  tubes.  An  example  of  the  construction  of  a 
therapeutic  X-ray  tube  for  skin  therapy  at  a  voltage  of  up  to  15  kv 
Is  shown  In  Pig.  I6-I3.  A  window  (l)  of  thin  "getan"  glass  Is  made 
In  the  dome  of  the  bulb  for  outgoing  soft  X  rays.  The  tube  anode 
(a)  Is  placed  Inside  a  nickel  cylinder  (2),  to  which  the  cathode 
(K)  Is  fastened.  A  radiator,  which  Is  cooled  by  a  fan.  Is  fastened  to 
the  stem  of  the  anode  (3),  which  passes  outside  the  bulb.  In  a  tube 
of  this  type  the  maxlmvun  permissible  power  reaches  I50  watts.  In  opera¬ 
tion  the  cathode  of  the  tube  Is  grounded  and  the  tube  Is  placed  In  a 
protective  sheath. 

The  construction  of  a  therapeutic  X-ray  tube  for  body-cavity  and 
short-focus  therapy  Is  shown  In  Pig.  l6-l4.  The  tube's  anode  (a)  Is 
made  In  the  form  of  a  long  copper  Jacket  with  a  thin  bottom  and  thin 
sides.  The  bottom  of  the  Jacket  extends  outside  the  bulb.  A  thln- 
walled  brass  Jacket  of  larger  dlajiieter  (l)  Is  pressed  onto  the  outside 
part  of  the  anode's  Jacket.  A  cooling  fluid  circulates  In  the  space 
between  the  walls  of  the  Jackets.  Electrons  radiating  from  the  cathode 
(K)  are  focused  on  the  Inner  surface  of  the  bottom  of  the  copper  anode 
Jacket,  forming  the  focal  point  (2)  on  It.  X  rays  excited  at  the  focus 
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move  In  all  directions,  pass  through  the  thin  wall  of  the  copper  jacket, 
through  the  layer  of  cooling  fluid  and  the  thin  wall  of  the  brass 
jacket,  and  pass  outside.  The  thickness  of  the  walls  of  the  jackets 
usually  amounts  to  0.2-0.  3  mm.  If  the  Inner  surface  of  the  bottom  of 
the  copper  jacket  (the  anode)  Is  covered  with  a  heavy  metal,  for 
example,  platinum  or  gold,  then  by  this  means  It  Is  possible  to  Increase 
the  Intensity  of  X-ray  radiation  accordingly. 

To  Insulate  the  tube  from  high  voltage  during  operation.  It  Is 
placed  In  a  protective  jacket,  and  Its  anode  Is  grounded.  Thus,  part 
of  the  hollow  anode  Is  separated  from  the  jacket.  The  advantage  of 
this  tube  construction  Is  the  possibility  of  placing  It  In  direct  con¬ 
tact  with  the  object  being  Irradiated  or  Inserting  It  Into  a  cavity  of 
the  human  body.  If  It  Is  necessary  to  separate  a  narrow  beam  from  the 
total  X-ray  radiation  In  the  desired  direction  a  special  sheath  vflth 
an  aperture  of  the  required  shape  Is  placed  on  the  brass  jacket  of  the 
tube. 

16-6.  CONSTRUCTION  DESIGN  OP  SAFETY  AND  SHIELDED  X-RAY  TUBES. 

In  the  operation  of  X-ray  tubes,  only  the  part  of  the  X  rays  In¬ 
cluded  In  a  small  solid  angle  are  used,  and  the  remaining  X  rays  are 
scattered.  These  unused  rays,  like  the  rays  reflected  from  the  objects 
being  studied,  are  dangerous  to  operating  personnel.  Therefore,  In 
work  with  X-ray  tubes,  measures  are  taken  for  shielding  from  the  unused 
X-ray  radiation.  For  this  purpose,  so-called  lead  chambers,  whose 
walls  absorb  the  unused  X  rays,  are  used.  In  work  with  tube  voltages 
within  the  limits  of  100  throvigh  400  kv  the  thickness  of  the  lead  wall 
Is,  correspondingly,  from  1.5  to  15  mm.  Along  with  the  lead  chambers, 
which  are  heavy  and  bulky  and  therefore  not  always  convenient,  at  the 
present  time  self -shielded  X-ray  tubes  In  which  shielding  from  the 
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unused  X  rays  Is  accomplished  by  means  of  sheaths  for  the  electrodes 
Inside  the  tube  are  used—  partial  shielding  (for  example.  Fig.  I6-I0), 
or  by  placing  the  entire  bulb  of  the  X-ray  tube  in  special  casings— and 
full  shielding  (Fig.  16-15 )•  There  are  special  windows  in  the  sheaths 
and  casings  for  the  outgoing  X  rays  being  used. 


Fig.  16-15.  Diagnostic  self- 
shielded  X-ray  tube  with  sheath 
(100  kv). 

1)  Insulating  material  with 
raised  surface;  2)  X-ray  tube; 

3 )  radiator. 


The  majority  of  electronic  X-ray  tubes  work  in  shielded  housings, 
filled  with  oil  to  insulate  the  tube  (Fig.  I6-I6).  The  dimensions  of 
such  tubes  are  usually  smaller  than  the  dimensions  of  tubes  operating 
in  air. 

In  other  types  of  self-shielded  X-ray  tubes  shielding  is  accom¬ 
plished  by  plating  the  middle  part  of  the  outer  surface  of  the  bulb 


Fig.  I6-I6.  Diagnostic  tube,  type  BIM- 
100,  in  shielded  casing  with  oil  insu¬ 
lation. 

with  a  layer  of  lead  or  by  means  of  making  the  center  part  of  the 
bulb  of  metal  (for  exanple,  ferrochromivim) ,  outside  of  which  a  layer 
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of  lead  with  a  window  for  outgoing  rays  Is  placed.  Safety  X-ray  In¬ 
stallations  ^  In  which  the  X-ray  tube  Is  placed  In  a  metal  casing 
(with  mandatory  grounding),  eliminate  the  dangers  In  working  with 
high-voltage  supply  of  X-ray  tubes.  Besides  this,  tubes  of  small  di¬ 
mensions  are  made,  which  are,  together  with  a  high  voltage  transformer, 
placed  In  oil  to  Increase  the  electrical  resistance  of  the  tube  and 
transformer.  In  this  case,  shielding  from  high  voltage  and  shielding 
from  unused  X-ray  radiation  are  both  accomplished  more  easily. 

16-7.  OPERATION  OP  X-RAY  TUBES.  THE  X-RAY  KENOTRON. 

The  basic  elements  of  an  X-ray  Installation  are  the  tube  and 
power  supply  unit—  the  source  of  Its  supply  of  electrical  energy.  It 
Is  a  sLnglephase  high-voltage  transformer  whose  current  Is  rectified  by 
a  high-voltage  kenotron. 

X-ray  units  are  classified  according  to  shielding  from  high  voltage, 
purpose  or  usage,  and  means  of  transportation. 

The  first  group  of  Installations  Is  open  or  shielded;  the  second 
group,  diagnostic,  therapeutic,  units  for  structural  and  spectral  analy¬ 
sis,  and  units  for  X-ray  Inspection  of  materials;  the  third  group, 
stationary,  mobile,  and  portable  units. 

An  X-ray  unit  Is  supplied  with  test  equipment  to  control  tube 
conditions  and  a  control  panel  to  regulate  the  Incandescence  of  the 
tube  and  kenotron  cathodes,  to  switch  on  and  switch  off  high  voltage, 
and  regulate  Intensity  and  hardness  of  X  rays. 

Data  concerning  some  types  of  X-ray  apparatus  are  shown  In 
Table  16 -1. 

X-ray  tubes  may  work  either  on  alternating  or  on  constant  voltage. 
When  the  tube  Is  supplied  with  alternating  voltage.  It  rectifies  It¬ 
self,  transmitting  current  only  for  a  half -cycle. 


When  the  tube  Is  supplied  with  direct  voltage,  high  voltage 
of  the  secondary  winding  of  the  transformer  Is  pre -rectified  by  an 
X-ray  kenotron.  Designs  for  one-kenotron  and  two-kenotron  X-ray  units. 


Fig.  16-17.  Simplified  switch 
circuit  diagram  of  1 -kenotron 
(a)  and  2-kenotron  (b)  X-ray 
units. 

ll  High  voltage  transformer; 

2)  kenotron  heater 
transformer;  3)  X-ray  tube 
cathode  heater  trans¬ 
former. 

exist  (Plg.  16-17).  The  mechanism  of  conversion  of  high  alternating 
voltage  to  direct  voltage  Is  usually  this:  during  the  positive  half¬ 
cycle,  when  the  kenotron  anode  has  a  great  positive  potential  In  re¬ 
lationship  to  the  cathode,  electrons  move  from  the  cathode  to  the  anode 
and  the  kenotron  transmits  power  during  this  half -cycle.  The  X-ray  tube. 
In  which  electrons  also  move  from  the  cathode  to  the  anode  during  this 
half -cycle,  also  transmits  power.  In  reversed  polarity,  that  Is,  during 
the  negative  half -cycle,  when  the  kenotron  anode  (and  the  X-ray  tube 
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TABLE  16-1. 

Some  types  of  X-ray  equipment. 
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l|  Types  of  equipment;  2)  purpose;  3)  method  of  transportation; 

4)  nominal  value  of  current  and  voltage;  5)  ma;  6)  kv;  7)  types  of 
X-ray  tubes;  8)  types  of  kenotrons;  9j  number  of  kenotrons; 

10}  greatest  required  power,  kwt;  11 )  D-llO-K-4;  12)  RU-555J 

13)  RU-610;  l4)  RU-560;  15)  RU-720;  l6)  RUM-1;  17)  RUM-2;  18)  URD- 

105-K-4;  19)  RUM-3;  20)  RUP-1;  2l)  diagnosis,  surface  therapy; 

22)  X-ray  Inspection  of  material;  23)  structural  analysis; 

24}  diagnosis;  25)  diagnosis  (X-ray  photos  of  the  teeth); 

26)  surgery;  27)  diagnosis,  surface  therapy;  28)  diagnosis,  surface 
therapy;  29}  therapy;  30)  X-ray  Inspection  of  materials;  31)  sta¬ 
tionary;  32)  mobile;  33)  portable;  34)  ditto;  35)  mobile;  3b)  ditto; 
37}  stationary;  38)  ditto:  39)  ditto;  4o)  ditto;  4l}  DV,  RDV; 

42)  BPM-200;  43}  BSV-50;  44)  BDM-75;  45)  BDM-75;  46)  BDM-75; 

47}  BDM-100;  48}  BDM-100;  49)  ZBPM-200;  50 )  ZBPM-200;  51 )  KR-110; 

52)  KRM-110;  53)  KG-110;  54)  KRM-I5O;  55)^  KRM-I50. 


anode)  have  great  negative  potential  In  relationship  to  the  cathode, 
the  kenotron  (and  the  X-ray  tube)  do  not  transmit  power,  since  the 
kenotron's  cold  anode  (and  that  of  the  X-ray  tube)  does  not  emit  elec¬ 
trons.  The  so-called  Inverse  or  cutoff  voltage  Is  established  between 
the  cathode  and  anode  of  the  kenotron,  under  which  condition  the  keno¬ 
tron  does  not  conduct  current;  In  modern  X-ray  kenotrons  the  amount  of 
this  voltage  Is  as  much  as  400  kv. 

In  the  positive  half -cycle,  when  current  flows  In  the  circuit. 
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a  voltage  drop  Is  established  In  the  kenotron,  the  quantity  of  which 
Is  proportional  to  the  Internal  resistance  of  the  kenotron.  If  this 
resistance  Is  great,  the  voltage  drop  In  the  kenotron  Is  also  high, 
and  consequently  the  power  developing  at  the  kenotron  anode  Is  also 
great,  which  causes  a  powerful  heating  of  the  anode  and  reduces  rectl- 


Flg.  I6-I8.  Volt -ampere  character¬ 
istics  of  a  high-voltage  X-ray  keno¬ 
tron  and  X-ray  tube, 
a )  For  the  kenotron;  b )  for  X-ray 
tube. 

1)  kv;  2)  ma. 

fler  efficiency.  Therefore,  we  strive  to  make  the  Internal  resistance 
of  the  kenotron  as  small  as  possible,  thus  reducing  the  voltage  drop 
In  the  kenotron  and  Increasing  the  voltage  drop  In  the  load,  that  Is, 

In  the  X-ray  tube. 

The  decrease  In  Internal  resistance,  and  consequent  drop  of  volt¬ 
age  In  the  kenotron.  Is  attained  by  means  of  an  Increase  In  the 
working  temperature  of  the  kenotron  cathode,  by  which  means  an  emission 
greater  than  the  emission  from  the  X-ray  tube  cathode  Is  assured. 

In  other  words,  the  saturation  current  and  the  transconductance  of  the 
static  anode  characteristics  of  the  kenotron  must  be  greater  than  the 
saturation  current  and  transconductance  of  the  static  anode  character¬ 
istics  of  the  X-ray  tube  (Plg.  I6-I8).  In  order  to  fill  this  need,  the 
kenotix)n  cathode  Is  always  made  more  powerful  than  the  X-ray  tube 
cathode.  In  underheating  of  the  cathode,  saturation  current  and  trans- 
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conductance  of  the  static  anode  characteristics  of  the  kenotron  may 
become  equal  to,  or  even  smaller  than,  the  saturation  current  and 
transconductance  of  the  static  anode  characteristics  of  the  X-ray  tube. 
As  a  result,  the  internal  resistance  and  voltage  drop  in  the  kenotron 
grow  and  may  become  equal  to  or  larger  than  the  Internal  resistance 
and  voltage  drop  In  the  X-ray  tube.  Therefore,  tungsten  cathodes, 
which  permit  a  considerable  Increase  In  working  temperature  and  conse¬ 
quently  In  emission,  and  tungsten  anodes  which  are  capable  of  dissipat¬ 
ing  a  considerable  power  output  without  artificial  cooling,  are  used 
In  X-ray  kenotrons.  Voltage  drop  In  the  kenotron  Is  Increased  also 
at  the  expense  of  formation  of  charges  on  the  Internal  surface  of 
the  glass  bulb.  If  the  anode  Is  given  the  shape  of  a  hollow  cylinder 
and  the  cathode  placed  Inside  the  cylinder,  then  the  latter  prevents 
electrons  from  striking  the  internal  surface  of  the  bulb  and,  conse¬ 
quently,  the  formation  of  charges  on  it. 

Voltage  drop  In  an  X-ray  kenotron  under  normal  cathode  Incandes¬ 
cence  conditions  does  not  exceed  2  kv. 

Depending  on  Its  purpose,  an  X-ray  kenotron  anode  Is  made  of 
nickel,  molybdenum,  or  tantalum.  If  the  cathode  temperature  of  the 
kenotron  Is  high  enough,  voltage  drop  In  the  kenotron  Itself  is,  alto¬ 
gether,  only  1-2  kv.  X  rays  are  not  excited  at  the  kenotron  anode  under 
such  anode  voltages.  If  the  cathode  temperature  Is  not  high  enough, 
the  Internal  resistance  of  the  kenotron  and,  consequently,  voltage 
drop  In  It,  will  become  greater.  A  great  voltage  drop  In  the  kenoti?on 
causes  a  considerable  acceleration  of  electrons,  which,  striking 
against  the  anode  with  great  speed,  may  cause  unnecessary  and  even 
harmful  X-ray  radiation.  Consequently,  kenotron  cathode  temperature 
must  be  sufficient  to  obtain  a  great  emission,  in  the  presence  of  which 
Internal  resistance  of  the  kenot2?on  Is  not  great. 


-  613  - 


TABLE  16-2. 
X-ray  kenotrons 


l)  Designation;  2)  working  conditions; 

3)  limit  of  permissible  Inverse  voltage^  kv; 

4)  limit  of  permissible  maximum  anode  current, 
ma;  5)  maximum  voltage  drop  in  kenotrons,  kv; 

6)  Incandescence  voltage,  v;  7)  incandescent 
current,  a;  8)  limit  of  permissible  anode  current 
In  half -cycle  circuit  (mean  values),  ma;  9)  0.1 
sec;  10 )  10  sec;  11 )  prolonged  period;  12)  KR-110; 

13)  KR-220;  l4)  KRM-110;  15)  KRM-I5O;  I6)  In  air; 

17)  In  oil. 

With  a  given  anode  voltage,  kenotron  cathode  temperature  must  be 
high  enough  to  obtain  a  saturation  current  whose  quantity  exceeds  the 
current  flowing  In  the  X-ray  tube.  Therefore,  In  X-ray  kenotrons  It 
Is  suitable  to  make  the  cathode  of  thorlated  or  carburated  tungsten. 

Table  16-2  shows  types  of  X-ray  kenotrons. 

In  X-ray  kenotrons,  as  In  X-ray  tubes,  pressure  of  residual 

'~F 

gases  must  not  exceed  10~°  through  10~'  mm  of  the  mercury  column. 

There  are  X-ray  instruments  which  work  by  pulsed  operation.  In 
such  apparatuses,  a  high  voltage  condenser  charge  Is  originated, 
which  Is  discharged  through  the  X-ray  tube,  giving  a  powerful  Impulse 
of  radiation  at  this  moment. 

Since  high  voltages,  reaching  tens,  hundreds,  and  thousands  of 
kilovolts,  and  dangerous  for  operating  personnel,  are  required  for 
supplying  X-ray  tubes,  control  of  an  X-ray  apparatus  Is  acconpllshed 
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by  a  primary  (low-voltage)  circuit,  employing  an  automatic  Interlock 
system  for  this  purpose. 


Chapter  Seventeen 
SEMICONDUCTOR  DEVICES 

17-1.  PROPERTIES  OP  SEMICONDUCTORS. 

A  semiconductor  rectifier  was  used  in  radio  receivers  in  almost 
the  first  phase  of  development  of  radio  engineering.  It  was  a  natural 
semiconductor  crystal  a  (galenlte,  casslterlte^  chalcopyrlte  and 
others which,  in  contact  with  a  metal  catwhisker  o_  (Pig.  17-1)  pos-^ 
sessed  unilateral  conduction  and  served  as  a  detector.  A. S.  Popov  used 
such  a  semiconductor  detector  as  early  as  I900  to  receive  telegraph 
signals  from  a  spark  transmitter.  Semiconductor  detectors  occupied  a 
prominent  place  in  the  technology  of  radio  reception  up  until  the  per¬ 
fection  of  vacuum  trlodes  and  diodes,  when  the  crystal  detector  was 
superseded  by  the  tube. 

In  1922  O.V.  Losev,  a  co-worker  of  the  Nlzhegorodskaya  radio 
laboratory,  in  his  experiments  with  semiconductors,  having  established 
that  a  series  of  crystal  detectors  possessed  falling  volt-ampere 
characteristics,  used  this  effect  to  generate  continuous  oscillations 
and  for  regenerative  reception.  The  receiver  ( "Krlstadln") , *  created 
by  O.V.  Losev,  was  simple,  cheap,  and  required  infinitesimal  power  at 
small  input  voltages.  O.V.  Losev's  invention  became  widely  known  in  the 
scientific  world,  but  the  continuous  development  and  perfection  of 
electronic  tubes,  as  it  turned  out,  entirely  superseded  the  semicon¬ 
ductor  detector  in  practical  radio  engineering. 

In  1948  a  semiconductor  trlode,  by  means  of  which  it  was  possible 
to  amplify  weak  signals,  was  developed  in  the  USA.  Further  experiments 
and  theoretical  studies  permitted  not  only  the  discovery  of  new  proper¬ 
ties  of  semiconductors  but  also  the  development  of  new  types  of  seml- 


*  Krlstadln  -  Evidently  a  brand  name. 
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Pig.  17-1*  Simplified  circuit 
diagram  of  a  crystal  detector. 

conductor  diodes  and  trlodes. 

At  the  present  tlme^  silicon  and  germanium  are  chiefly  used  In 
making  semiconductor  diodes  and  trlodes.  The  atoms  of  silicon  and 
germanium  have  four  valence  electrons  in  their  outer  orbits  and  occu¬ 
py  such  a  position  In  a  crystal  lattice  that  each  of  them  fonns  bonds 
with  four  adjacent  atoms. 

Bonds  between  two  atoms  are  formed  by  two  valence  electrons,  one 
of  which  belongs  to  one  atom  and  the  other  electron  to  another  atom 
(Fig.  17-2).  Such  a  bond  Is  called  electron  pair  or  covalent  (Pig.  17-3)* 
If  the  crystal  Is  not  subjected  to  external  Influences  (heat,  radiation, 
or  the  like),  then  the  bonds  in  the  crystal  lattice  are  not  broken  and, 
consequently,  there  are  no  free  electrons  In  the  crystal,  since  all 
valence  electrons  are  In  a  bound  state.  In  these  conditions,  the  crystal 
must  have  the  properties  of  a  dielectric.  However,  for  example,  at 
room  temperature,  the  crystal,  either  of  silicon  or  of  germanliim,  re¬ 
ceives  heat  energy  which  Is  enough  to  displace  some  electrons  from  the 
atoms.  Such  electrons  may  be  shifted  in  the  crystal.  A  positive  charge, 
equal  In  quantity  to  the  charge  of  an  electron,  is  observed  in  the 
place  fi*om  which  an  electivcn  has  been  displaced  under  the  action  of  ex¬ 
ternal  energy.  This  place  may  be  occupied  by  an  adjacent  electron,  and 
the  place  of  the  adjacent  electron  by  the  next  electron,  and  so  forth. 

In  other  words,  the  place  which  lacks  an  electron  may  be  independently 
shifted  In  the  crystal,  which  is  equivalent  to  displacement  of  a 
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Fig.  17-2.  Surface  diagram 
of  a  crystal  of  silicon 
(or  germanium).  The  number 
of  positive  charges,  cor¬ 
responding  to  the  number  of 
valence  electrons.  Is  shown 
In  the  circles. 


Pig-  17-3.  Model  of  the 
hydrogen  molecule.  Elec¬ 
trons  moving  along  the 
common  orbit  compensate 
for  the  force  of  repul¬ 
sion  betwen  the  nuclei. 


particle  having  a  positive  charge  equal  In  quantity  to  the  charge  of 
an  electron. 

Thus,  breaking  a  monovalent  bond  in  a  semiconductor  crystal  pro¬ 
duces  two  types  of  charged  particles :  an  electron  and  a  place  where  an 
electron  Is  lacking,  which  has  been  called  a  "hole. "  If  there  Is  no 
external  electrical  field,  both  electrons  and  holes  are  shifted  at 
random  (chaotically)  In  the  crystal  as  a  consequence  of  thermal  motion. 
In  the  presence  of  an  external  field,  motion  of  electron  and  hole  be¬ 
comes  orderly  and  electrical  cvirrent  originates  In  the  crystal. 

Conductions  created  by  directional  shifting  of  electrons  and 
holes  have  been  named  electron  and  hole  conduction  and  are  designated 
accordingly  as  N-type  conduction  (N  meaning  negative)  and  P-type 
conduction  (P  meaning  positive).  In  metals,  holes  are  neutralized 
practically  Instantaneously  by  electrons  and  consequently  do  not  par¬ 
ticipate  In  conduction.  In  semiconductors  holes  are  not  neutralized 
so  quickly  as  In  metals,  as  a  result  of  which  they  may  be  shifted  and 
take  part  In  conduction.  It  follows  that  hole  conduction  Is  different 
from  Ion  conduction;  In  Ion  conduction  the  Ions  themselves  are  shifted 
directly,  but  In  hole  conduction  electrons  are  shifted,  alternately 
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a)  6) 

Pig.  17-4.  Surface  diagram  of  a 
crystal  of  silicon  (or  germanium), 
a)  With  an  acceptor  Impurity^ 
forming  a  hole -type  (P-type;  con¬ 
duction;  b)  with  a  donor  Impurity, 
forming  an  N-type  conduction. 

shifting  from  bond  to  bond  and  neutralizing  positive  charges  (holes) 
where  they  move  but  forming  them  In  the  places  from  which  they  move. 
Therefore,  the  nuclei  of  the  atoms  remain  stationary,  but  positive 
charge  conditions  (holes)  are  shifted  In  directions  opposite  to  the 
directions  of  electron  movement.  In  a  semiconductor  crystal  of  maximum 
purity  (without  Impurities),  the  number  of  free  electrons  Is  equal  to 
the  number  of  holes,  since  each  electron  freed  by  external  Influences 
forms  one  hole.  Therefore,  equal  amounts  of  free  electrons  and  of  holes 
formed  as  a  result  of  the  electrons  leaving  their  bonds  take  part  In 
electrical  conduction.  Conduction  accomplished  simultaneously  by  direc¬ 
tional  shifts  of  equal  numbers  of  electrons  and  holes  has  been  named 
the  Intrinsic  conductance  of  a  semiconductor.  Thus,  a  semiconductor 
which  Is  free  from  Impurities  may  have  electron  and  hole  conduction 
simultaneously.  It  Is  clear  that  such  semiconductors  cannot  rectify 
alternating  current,  since  In  the  presence  of  an  external  alternating 
field  the  current  In  these  semiconductors  will  flow  with  any  field 
alignment. 

We  will  now  consider  a  semiconductor  having  small  Impurities  of 
other  substances  In  Its  volimie.  The  atoms  of  the  Impurities  may  be  dl- 
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vlded  Into  two  types  according  to  the  number  of  valence  electrons; 
atoms  which  have  fewer  valence  electrons  than  the  atoms  of  the  semi¬ 
conductor,  for  example,  three -valence  atoms,  and  atoms  which  have  more 
valence  electrons  than  the  atom  of  the  semiconductor,  for  example, 
five-valence  atoms.  A  three-valence  atom  of  the  Impurity  takes  the  place 
of  a  semiconductor  atom  In  the  crystal  lattice  and  Is  surrounded  by 
four  atoms  of  the  semiconductor. 

By  this  means,  three  valence  electrons  of  the  atom  of  the  Impurity 
are  coupled  with  the  electrons  of  three  surrounding  atoms  of  the  semi¬ 
conductor.  A  hole  Is  formed  In  the  bond  with  the  fourth  of  the  adjacent 
atoms,  since  the  electron  of  this  atom  has  no  pair  among  the  electrons 
of  the  atom  of  the  Impurity.  In  the  presence  of  sufficient  external 
energy,  this  hole  may  be  shifted  along  the  crystal  and  participate  In 
conduction.  The  atom  of  the  Impurity  does  not  participate  In  conduction, 
being  turned  Into  a  negative  Ion  after  leaving  the  hole  (Plg.  17-^a)* 

Impure  semiconductors  In  which  hole  conduction  takes  place  are 
called  hole  semiconductors  (P-type),  and  Impurities  whose  atoms  accept 
electrons  from  semiconductor  atoms  In  their  bonds  are  called  acceptors. 

If  a  five -valence  atom  of  the  Impurity  takes  the  place  of  a  semi¬ 
conductor  atom.  It  forms  four  bonds  with  adjacent  semiconductor  atoms, 
and  the  fifth  valence  electi?on,  which  under  these  conditions  appears  to 
be  weakly  bound  with  the  atom  of  the  Impurity,  breaks  loose  from  Its 
atom  by  thermal  motion  energy.  The  energy  required  to  break  this  fifth 
electron  loose  Is  Insignificant;  for  antimony  and  bismuth,  for  example. 
It  amounts  to  about  0.01  ev.  The  electrons  lost  by  the  atoms  of  the 
Impurity  become  free  and  participate  In  conduction  (electron  conduction 
and  the  atoms  of  the  Impurity  Itself  become  fixed  positive  Ions,  each 
of  which,  as  In  the  atoms  of  the  semiconductor,  has  four  valence  elec¬ 
trons  (Pig.  17 -4b). 
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Impure  semiconductors  in  which  electron  conduction  takes  place  are 
called  electron  semiconductors  (N-type),  and  impurities  whose  atoms 
release  their  valence  electrons  and  thus  provide  electron  conduction 
are  called  donors.  Five -valence  phosphors,  arsenic,  and  antimony  are 
often  used  as  donor  impurities,  and  three -valence  aluminum,  boron, 
indium  and  gallum  as  acceptors. 

Thus,  if  there  are  donor  impurities  in  the  crystal  of  silicon  or 
germanium,  it  has  electron  conduction.  In  the  presence  of  acceptor  im¬ 
purities  in  the  crystal  hole  conduction  takes  place. 

Electrons  in  N-type  semiconductors  and  holes  in  P-type  semicon¬ 
ductors  are  called  majority  carriers  of  current,  and  the  small  amount 
of  electrons  in  P-type  semiconductors  and  of  holes  in  N-type  semicon¬ 
ductors  are  minority  carriers  of  current. 

Minority  carriers  have  a  limited  lifetime.  However,  during  this 
time  they  are  subjected  to  numerous  collisions  with  the  atoms  of  the 
lattice  and  in  the  presence  of  an  external  field  participate  in  con¬ 
duction.  Minority  carriers  play  an  Important  role  in  the  mechanism  of 
semiconductor  devices  operation. 

As  we  have  indicated,  elements  of  group  IV,  germanium  and  silicon, 
are  used  to  make  semiconductor  devices.  However,  many  compounds  of  the 
elements  of  groups  III  and  V  (the  so-called  Intermetalllc  compounds) 
have  properties  of  semiconductors  resembling  the  properties  of  the 
elements  of  group  IV.  Among  these  compounds  are  Included,  for  example, 
the  antlmonldes  of  Indium  (inSb),  gallium  (GaSb)  and  aliunlnum  (AlSb), 
the  phosphides  of  indium  (inP),  gallium  (GaP)  and  aliimlnvim  (AlP)  and  the 
arsenides  of  indium  (inAs),  gallium  (GaAs)  and  aluminum  (AlAs).  It  is 
suspected  that  some  of  the  intermetalllc  compounds  may  turn  out  to  be 
more  suitable  materials  (both  in  the  technology  of  their  processing  and 
in  their  properties)  for  production  of  semiconductor  devices  than  ger- 
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manlum  and  silicon.  However,  they  have  not  yet  been  sufficiently 
studied. 

Electron  and  hole  Impurity  semiconductors  having  impurity  con¬ 
duction,  that  Is,  primarily  either  only  electron  or  only  hole  conduc¬ 
tion,  like  semiconductors  of  maximum  purity  having  electron  and  hole 
conductions  simultaneously  and  at  an  equal  level,  cannot  rectify  alter¬ 
nating  current,  since  current  will  flow  through  such  semiconductors  at 
any  polarity  of  Input  voltage. 

17-2.  PRINCIPLES  OP  OPERATION  OP  SEMICONDUCTOR  DIODES  AND  TRIODES. 

We  will  consider  flow  phenomena  on  the  boundary  of  contact  of 
two  semiconductors  having  different  conductions,  using  as  an  example 
a  semiconductor  which  consists  of  three  regions:  the  N-reglon  In  which 
the  majority  carriers  of  electrical  charges  are  electrons  created  by 
a  donor  Impurity,  the  P-reglon  in  which  the  majority  carriers  are  holes 
created  by  an  acceptor  Impurity,  and  the  region  separating  them  which 
is  called  the  electron  hole  Junction  region  (N-P  Junction),  In  which 
acceptor  and  donor  Impurities  are  maintained  approximately  equally. 

Pree  electrons  located  In  the  electron  region  of  the  semiconductor, 

N,  may  diffuse  Into  the  hole  region,  P,  In  which  there  are  two  free 
electrons.  As  a  result  of  such  diffusion,  the  hole  region  of  the  semi¬ 
conductor  is  negatively  charged,  and  the  electron  region  positively 
(Pig.  17-5a). 

On  the  other  hand,  holes  may  diffuse  from  the  hole  region,  where 
there  are  many  of  them,  into  the  electron  region,  where  there  are  few. 
Diffusion  of  holes  also  leads  to  the  hole  region  being  additionally 
negatively  charged  and  the  electron  region  positively.  As  a  result, 
negative  charges  are  accumulated  on  one  side  of  the  Junction  region 
and  positive  charges  on  the  other.  Thus,  as  a  consequence  of  diffusion 
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Pig.  17 -5*  Change  of  height  of 
potential  threshold  In  a  semi¬ 
conductor  with  P-N  Junction 
under  the  action  of  external 
potential  differences, 
a)  State  of  equilibrium j 
b,  c)  decrease  and  Increase  of 
potential  threshold  by  means  of 
external  potential  differences. 


of  majority  carriers  of  charges  (electrons  and  holes)  between  the 
electron  and  hole  regions  In  reciprocally  opposite  directions,  some  In¬ 
ternal  difference  of  potential  (contact  potential  difference)  Is  es¬ 
tablished.  This  prevents  further  diffusion  of  electrons  and  holes,  that 
Is,  It  represents  a  potential  threshold  for  them.  Therefore,  only  a 
small  part  of  the  majority  carriers  of  charges  (electrons  and  holes), 
which  have  great  enough  energies,  may  overcome  the  retarding  field  of 
potential  threshold  and  transit  from  their  region  Into  that  opposite. 

The  higher  the  potential  threshold,  the  fewer  the  number  of  major 
carriers  of  charges  that  will  be  able  to  overcome  It  and  transit  from 
their  region  Into  the  other  one.  However,  a  minor  number  of  electrons 
In  the  P-reglon  and  holes  In  the  N-reglon  (minority  carriers  of  charges) 
do  not  encounter  any  Impediments  In  movement  across  the  potential 
threshold,  since  the  field  of  the  potential  threshold  Is  an  accelerating 
field  for  them.  Therefore,  the  movement  of  electrons  from  the  P-reglon 
Into  the  N-reglon  and  of  holes  from  the  N-reglon  Into  the  P-reglon  Is 
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not  dependent  on  the  height  of  the  potential  threshold.  Thus,  electrons 
and  holes  In  a  semiconductor  with  electron-hole  Junction  move  both  from 
the  N-reglon  to  the  P -region  and  In  the  opposite  direction.  Hence,  when 
there  Is  no  external  voltage,  current  Is  not  observed  In  the  circuit, 
since  the  flow  of  electrons  from  the  N-reglon  and  of  holes  from  the 
P -region  Is  equal  to  the  reverse  flow  of  electrons  from  the  P -region 
and  of  holes  from  the  N-reglon,  that  Is,  a  state  of  equilibrium  Is 
established,  which  Is  characterized  by  a  fixed  height  of  potential 
threshold  h.  In  the  presence  of  which  an  equilibrium  of  the  above- 
mentioned  major  and  minor  carriers  of  electrical  charges  takes  place. 

If  we  now  apply  a  minus  external  voltage  to  the  N-reglon  and  a 
plus  external  voltage  to  the  P-reglon  from  the  power  supply  (Plg.  17 -5b), 
the  applied  difference  of  potential  becomes  opposite  In  sign  to  the 
contact  difference  of  potential.  As  a  result,  the  height  of  potential 
threshold  h  Is  lowered  and  the  state  of  equilibrium  Is  disrupted,  since 
the  lower  the  height  of  the  potential  threshold,  the  more  electrons  will 
transit  from  the  N-reglon  to  the  P-reglon  and  the  more  holes  from  the 
P-reglon  to  the  N-reglon,  but  the  number  of  electrons  and  holes  moving 
In  the  opposite  direction  remains  the  same,  since  this  Is  not  dependent 
upon  the  height  of  the  potential  threshold.  Thus,  current,  whose  quan¬ 
tity  Is  equal  to  the  sum  of  the  electron  current  flowing  from  the  N- 
reglon  to  the  P-reglon  and  of  the  hole  current  flowing  from  the  P-reglon 
to  the  N-reglon,  appears  In  the  external  circuit.  With  an  Increase  of 
the  external  voltage,  the  height  of  the  potential  threshold  Is  decreased, 
and  the  current  In  the  external  circuit  Is  Increased. 

If  we  change  the  polarity,  applying  positive  voltage  to  the  N- 
reglon  and  negative  to  the  P-reglon  (Plg.  17 -5c),  the  applied  difference 
of  potentials  will  become  the  same  sign  as  the  contact  difference  of 
potentials  and  the  height  of  the  potential  threshold  will  Increase. 
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As  a  result  of  this,  the  flow  of  major  charge  carriers  from  one  region 
to  the  other  Is  decreased,  and  the  reverse  flow  of  the  minor  charge 
carriers  remains  the  same,  since  It  Is  not  dependent  on  the  height  of 
the  potential  threshold.  By  this  means,  the  quantity  of  current  created 
by  the  transitions  of  the  major  carriers  may  become  less  than  the 
current  created  by  the  transitions  of  the  minor  carriers,  and  a  reverse 
current  will  appear  In  the  external  circuit.  If  the  external  voltage  Is 
Increased,  the  potential  threshold  Is  Increased,  the  flow  of  the  major 
carriers  Is  decreased,  and  the  flow  of  the  minor  carriers  remains  un¬ 
changed  but  the  flow  of  reverse  current  In  the  circuit  Is  Increased. 

At  some  difference  of  potential,  the  flow  of  the  major  carriers  of 
charges  will  become  practically  equal  to  zero,  and  the  reverse  current 
will  attain  maximum  value.  As  a  result,  a  small  quantity  of  saturation 
current  will  be  established  In  the  external  circuit. 

Thus,  with  a  changed  polarity,  the  external  voltage  raises  the 
potential  threshold  and  It  Is  as  though  a  valve  were  shut  In  the  path 
of  the  flow  of  the  major  carriers  of  electrical  charges.  Therefore, 
the  current  In  the  external  circuit  Is  very  small  (the  circuit  Is  cut 
off).  Naturally,  If  alternating  voltage  Is  applied  to  a  semiconductor 
with  electronic -hole  conduction,  the  current  will  flow  In  the  external 
circuit  only  In  the  half -cycles  during  which  the  N-reglon  has  a  negative 
potential  and  the  P-reglon  a  positive  potential.  Consequently,  such  a 
semiconductor  may  be  used  as  a  rectifier  of  alternating  current  (a  semi¬ 
conductor  diode). 

The  principles  of  operation  of  a  semiconductor  diode  which  have 
been  described  are  applicable  to  a  diode  with  Junction  contact  In  which 
electron-hole  Junctions  are  used.  The  principle  of  operation  of  a  point - 
contact  diode.  In  which  rectification  Is  accomplished  In  a  thin  layer, 
nascent  in  the  crystal  under  a  contacting  metallic  catwhlsker.  Is  not 
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Pig.  17-6.  Schematic 
diagram  of  P-N-P  and 
N-P-N  types  of  Junc¬ 
tion  crystal  trlodes. 


Pig.  17-7*  Change  of  height 
of  potential  threshold  In  a 
P-N-P  trlode. 


essentially  different  In  principle  of  operation  from  a  diode  with 
Junction  contact^  since  this  layer  takes  the  place  of  the  electron- 
hole  Junction.  The  names  "point -contact  diode"  and  "Junction  diode"  do 
not  so  much  emphasize  differences  In  working  principles  of  these  diodes 
as  their  details  of  construction. 

We  will  now  consider  the  processes  In  semiconductors  with  elec¬ 
tron-hole  Junctions  used  In  Junction  trlodes. 

In  a  Junction  trlode.  In  place  of  the  one  N-P  Junction  present  In 
a  diode  of  this  type,  there  are  used  two  Junctions  of  the  N-P-N  type. 

In  which  the  center  region  has  hole  conduction  and  the  side  regions 
electronic  conduction,  or  of  the  P-N-P  type,  when  the  center  part  has 
electronic  and  the  side  regions  hole  conduction  (Plg.  17-6).  One  of  the 
Junctions  Is  switched  Into  the  circuit  In  a  forward  direction  (the 
emitter  circuit),  and  the  other  In  a  cutoff  direction  (the  collector 
circuit).  The  center  region  of  the  Junction  Is  switched  In  as  a  base 
(or  foundation)  and  Is  made  very  thin  (from  several  microns  to  several 
tens  of  microns). 
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without  external  voltage  the  potential  distribution  In  a  trlode 
with  P-N-P  Junctions  corresponds  to  the  curve  In  Pig.  IJ-Ja,  showing 
that  the  height  of  the  potential  threshold  at  the  Junction  Is  the  same. 
If  the  external  voltage  Is  switched  on,  the  potential  threshold  at  the 
Junction  switched  on  In  a  forward  direction  Is  decreased,  and  the 
potential  threshold  at  the  Junction  switched  on  In  a  cutoff  direction 
Is  Increased  (Plg.  17 -7b)-  By  this  means,  holes  In  great  quantities  ad¬ 
vance  from  the  emitter  to  the  base  and  continue  their  movement  In  the 
base  primarily  by  diffusion,  since  the  voltage  drop  In  the  thin  layer 
of  the  base  Is  Insignificant.  At  their  exit  from  the  base  the  holes 
advance  Into  the  acceleration  field  and  fall  on  the  collector. 

With  the  change  of  current  In  the  emitter  circuit,  the  number  of 
holes  striking  the  collector,  and,  consequently,  the  current  In  the 
collector  circuit  also.  Is  changed.  But  the  change  of  current  In  the 
collector  circuit  Is  somewhat  smaller  than  the  change  of  current  In 
the  emitter  circuit.  This  Is  explained  by  the  fact  that  not  all  the 
holes  which  have  left  the  emitter  reach  the  collector.  During  the 
transition  from  the  emitter  to  the  collector  part  of  the  holes  re¬ 
combine  with  electrons.  At  best,  when  the  distance  between  the  emitter 
and  the  collector  Is  small,  the  base  thinnest,  and,  consequently,  the 
recombination  speed  Is  small,  99-8  per  cent  of  the  holes  which  have 
left  the  emitter  reach  the  collector.  Therefore,  In  Junction  trlodes 
the  amplification  factor  of  the  current,  which  Is  a  relationship  of 
the  quantity  of  current  flowing  In  the  collector  circuit  to  the  quan¬ 
tity  of  current  flowing  In  the  emitter  circuit.  Is  somewhat  less  than 
one  (from  0.9  to  0.98). 

The  amplifying  properties  of  a  Junction  trlode  also  are  extremely 
dependent  on  the  unevenness  of  thickness  of  the  base.  If,  for  example, 
the  base  has  a  concavo-concave  shape,  the  path  and,  consequently,  the 
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Pig.  17-8.  Point-contact  trlode. 
a)  Metal  base;  b)  germanium 
crystal;  c)  metal  catwhlsker. 

transit  time  of  these  paths  by  holes  will  be  different.  As  a  conse¬ 
quence  of  this,  holes  which  have  left  the  einltter  simultaneously  will 
strike  the  collector  at  different  times,  the  signal  In  the  collector 
circuit  Is  drawn  out  In  time,  the  amplitude  of  the  current  In  the 
collector  circuit  becomes  less  than  the  amplitude  of  the  current  In 
the  emitter  circuit  and  the  amplifying  properties  of  the  trlode  de¬ 
teriorate.  The  higher  the  frequency  of  the  amplified  signal,  the  great¬ 
er  the  distance  between  the  emitter  and  the  collector,  and  the  thicker 
and  more  uneven  the  base,  the  greater  the  decrease  of  current  amplitude 
in  the  collector  circuit.  However,  the  manufacture  of  too  thin  a  base 
is  fraught  with  great  technological  difficulties  and  Is  not  always 
expedient,  since  If  the  base  Is  too  thin  the  feedback  from  the  collector 
to  the  emitter  Is  amplified. 

To  compute  the  amplification  factor  of  a  Junction  trlode  from  power 
and  voltage,  let  us  presume,  for  simplicity,  that  practically  all  the 
holes  transiting  from  the  emitter  to  the  base  fall  on  the  collector. 
Therefore,  If  the  current  In  the  emitter  circuit  is  changed  by  any 
quantity,  the  current  In  the  collector  circuit  Is  changed  by  the  same 
quantity.  Under  these  conditions,  the  power  consumed  In  the  emitter 
circuit  by  change  of  current  1  by  quantity  AL  and  voltage  u^*  by 

[Ug  -  Ug  -  '^emitter*  ^ 
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quantity  i^Ug*  and  power  yielded  In  the  collector  circuit  at  load  R  at 
a  change  of  current  by  the  same  quantity  Al,  will,  accordingly,  be 
equal  to  :  and  W^***  =  Al^R  =  AlAu^^,  where  Au^****  Is  change 

of  voltage  drop  at  load  R  for  change  of  current  by  quantity Al.  Knowing 
the  power  consumed  In  the  emitter  circuit  and  the  power  yielded  at  the 
load  of  the  collector  circuit,  amplification  factor  may  be  determined 
from  power  and  voltage : 

"^.1  _  &r-R  iiiR 

11^,  iH.ii  Ai/,  Am, 

In  the  given  case,  the  current  amplification  factor  ot  Is  equal  to 
one.  Increase  of  cL  up  to  ten  Is  attained  In  special  hookups. 

Some  types  of  germanium  trlodes  have  power  and  voltage  amplifica¬ 
tion  factors  as  high  as  several  thousand. 

If  the  sign  of  all  currents  and  voltages  Is  changed,  the  principles 
of  operation  described  for  a  trlode  with  P-N-P  Junctions  will  also  be 
correct  for  a  trlode  with  N-P-N  Junctions.  With  proper  supply  polarity, 
one  catwhlsker,  switched  Into  the  circuit  of  a  crystal  trlode,  "emits" 
a  flow  of  holes  Into  the  volume  of  a  crystal  (directed  toward  the  base) 
which  has  electron  conduction.  In  reverse  polarity  and  hole  conduction 
of  the  crystal,  the  catwhlsker  emits  a  flow  of  electrons  Into  the  volume 
of  the  crystal.  Therefore,  this  whisker  Is  called  the  emitter.  The 
potential  of  the  other  whisker  Is  opposite  In  sign  to  the  charges 
emanated  from  the  emitter  Into  the  volume  of  the  crystal.  If  the  emitter 
emanates  electrons,  the  second  whisker  must  have  a  positive  potential; 

If  holes.  It  must  have  negative  potential.  Thus,  In  accordance  with 
polarity,  a  flow  of  electi?ons  or  holes  emanated  by  the  emitter  will 
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Pig.  17-9*  Simplified  circuit 
diagram  of  a  point-contact  trlode. 
l)  Emitter;  2)  collector;  3)  variable 
signal  voltage;  4)  amplified  signal 
voltage;  5)  base. 

Trajectories  of  electrons  in  the  crystal 
are  shown  by  dotted  lines;  trajectories 
of  holes,  by  solid  lines. 

fall  on  the  second  whisker.  Consequently,  the  second  whisker  fulfills 
the  function  of  a  collector.  The  quantity  of  the  flow  of  holes  or  elec¬ 
trons  emanated  by  the  emitter  changes  with  changing  potential  of  the 
trlode  base  (the  metallic  plate)  in  regard  to  the  emitter. 

A  sl.mpllfied  circuit  diagram  of  a  germanium  point -contact  trlode, 
having  electron  conduction,  consists  of  the  emitter  circuit  and  the 
collector  circuit  (Plg.  17-9)*  A  source  of  constant  voltage  Eg*ls  switched 
Into  the  emitter  circuit  e,  giving  the  emitter  a  small  positive  bias 
In  relation  to  the  trlode  base,  and.  In  series  with  this,  the  alter¬ 
nating  signal  voltage  U^,  subject  to  amplification.  The  direct  current 
flowing  In  the  emitter  circuit  Ig**  (of  the  order  of  1  ma),  the  direc¬ 
tion  of  which  Is  Indicated  by  the  arrow,  corresponds  to  the  direction 
of  forward  current  In  the  contact,  that  is,  to  a  forward  direction. 

The  resistance  of  load  R  Is  switched  Into  the  collector  circuit  c. 


[Eg  E^  ^emitter  ^emitter* 

-I  .  .1 

'•  3  "^e  "^emitter  emitter  ^ 


-  630  - 


from  which  an  amplified  signal  voltage  Is  taken  off;  this  Is  the  source 
of  the  voltage  whose  polarity  must  be  such  that  the  collector  has 

a  negative  voltage  In  relationship  to  the  base  and  the  emitter.  The 
direction  of  the  direct  current  In  the  collector  circuit  Is  shown 

by  the  arrow  and  corresponds  to  the  direction  of  the  reverse  current 
In  the  collector  contact. 

The  resistance  of  the  barrier  layer,  created  In  the  crystal  at 
the  Indicated  polarity  In  the  collector  circuit.  Is  considerably  great¬ 
er  than  the  resistance  to  the  forward  current  In  the  crystal.  Therefore, 
the  current  flowing  In  the  collector  circuit  at  E^,  Is  very 

small.  A  current  of  1  ma  may  flow  at  a  supply  voltage  equal  to  several 

tens  of  volts.  Thus,  the  current  amplification  factor  otdoes  not  exceed 
one. 

Actually,  the  current  amplification  factor  of  point -contact  trlodes 
Is  considerably  greater  than  one.  This  Is  explained  by  the  fact  that, 
besides  current  current  lj^2***  flows  In  the  same  direction;  It  Is 

created  by  the  drift  of  a  considerable  niomber  of  holes  from  the  emitter 
to  the  collector  (the  flow  of  holes  from  the  emitter  to  the  base  Is  In¬ 
significant,  since  the  distance  between  the  emitter  and  the  base  Is 
many  times  greater  than  the  distance  between  the  emitter  and  the 
collector). 

The  over-all  current  +  1^^  changes  In  quantity  with  the  fre¬ 
quency  of  current  change  In  the  emitter  circuit,  and,  flowing  In  the 
collector  circuit,  creates  an  alternating  voltage  drop  at  the  load 
resistance.  The  greater  the  amount  of  alternating  voltage  Ug  taken 

*  [E,  -E,  -E,  T,,,  -E-t..] 

k  k  kollektor  collector 
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from  this  resistance  In  comparison  with  the  alternating  voltage  of  the 
signal  the  greater  the  trlode's  amplification  factor  according  to 
voltage.  Since  the  resistance  of  the  emitter  circuit  Is  Insignificant, 
then  a  minor  change  of  voltage  In  this  circuit  noticeably  changes  the 
quantity  of  current.  In  the  collector  circuit,  however,  resistance  Is 
great.  Therefore,  a  minor  change  of  current  In  the  collector  circuit 
considerably  changes  the  voltage  drop  at  load  resistance  R.  Thus, 
point-contact  trlodes,  similar  to  vacuum  trlodes,  may  operate  as  ampli¬ 
fiers. 


17-3.  CONSTRUCTION  OF  SEMICONDUCTOR  DIODES  AND  TRIODES. 

A  point-contact  diode  consists  of  a  semiconductor  crystal  and  a 
metallic  pointed  catwhlsker.  Germanium  and  silicon  are  used  as  crystals, 
and  the  catwhlsker  Is  made  of  tungsten  or  phosphorous  bronze  of  a  dia¬ 
meter  of  about  0. 1  mm  (Plg.  17-10).  The  point  of  the  metallic  catwhlsker 
(3)  Is  pressed  against  the  polished  surface  of  the  crystal  (l).  The 
crystal  Is  brazed  to  the  metallic  crystal  holder  (2).  The  catwhlsker 
and  crystal  are  located  Inside  a  ceramic  tube  (5)  between  metallic 
flanges  (4).  Leads  (6),  by  which  the  diode  Is  soldered  Into  the  circuit, 
are  led  from  the  crystal  and  catwhlsker.  The  crystal  end  of  the  cat¬ 
whlsker  Is  sharply  pointed.  The  area  of  contact  of  the  catwhlsker  with 

the  crystal  usually  amounts  to  several  square  microns,  with  a  total 

2 

polished  crystal  surface  of  the  order  of  1  mm  . 

A  point-contact  trlode  consists  of  a  crystal,  usually  germanium, 
with  electron  conduction,  and  two  metallic  catwhlskers,  of  which  one 
serves  as  an  emitter  and  the  other  as  a  collector  (Plg.  17-lla). 

The  crystal  (l)  Is  brazed  to  the  metallic  base  (2),  which  serves  as  a 
control  electrode.  Two  metallic  catwhlskers  of  tungsten  or  phosphorous 
bronze  are  pressed  against  the  free  surface  of  the  crystal.  The  dls- 
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Pig.  17-10.  Construction  design 
of  a  point-contact  crystal  diode. 

tance  between  the  contact  points  of  the  catwhlskers  amounts  to  0.05-0.25 
mm.  There  are  two  leads  (4)  from  the  catwhlskers.  The  base  (2)  serves 
as  a  third  lead.  The  trlode  Is  switched  Into  the  circuit  by  these  three 
leads.  The  leads  from  the  emitter  and  collector  pass  through  the  Insulat¬ 
ing  plug  (5).  The  base  (2),  crystal  (l),  and  plug  (5)  with  the  lead 
(4)  are  mounted  In  a  metallic  sleeve  (6). 

A  Junction  trlode  Is  shown  In  Pig.  17-llb.  A  crystal  of  germanium 
(1)  Is  fastened  Into  a  metallic  crystal  holder  (2);  the  collector  (4)  and 
the  emitter  (3)  are  located  on  Its  two  sides.  Three -valence  Indium 
serves  as  a  material  for  the  collector  and  emitter  electrodes,  to  which 
the  leads  (7)  are  brazed.  The  crystal  holder  Is  fastened  Into  a  metallic 
case  (5).  The  leads  from  the  emitter  and  collector  (7)  are  Insulated 
from  the  case  by  glass  Insulation  (6).  The  lead  from  the  crystal  (8)  Is 
connected  with  the  case. 

Together  with  the  semiconductor  devices  we  have  described,  the 
so-called  semiconductor  photodiodes  or,  as  they  are  called,  phototran¬ 
sistors,  In  which  the  current  flowing  across  the  semiconductor  Junction 


at  0) 

Pig.  17-11.  Construction  of  point- 
contact  (a)  and  Junction  (b) 
trlodes. 
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is  changed  by  the  action  of  lights  are  also  widely  used.  In  construction, 
a  phototransistor  Is  a  semiconductor  diode;  however.  In  operating  princi¬ 
ples  It  Is  like  semiconductor  trlodes,  since  the  light  which  strikes  It 
operates  In  a  similar  manner  to  the  operation  of  the  emitter  In  a 
crystal  trlode. 

The  operating  principle  of  the  phototransistor  Is  based  on  the 
fact  that  the  electrons  of  a  semiconductor  Increase  their  energy  and 
break  their  valence  bonds  under  the  action  of  light.  Such  electrons 
may  participate  In  conduction.  Holes  are  also  formed  simultaneously 
with  the  electrons.  If  some  potential  difference  Is  applied  to  the 
semiconductor  Junction,  the  concentration  of  free  current  carriers  In 
the  semiconductor  Is  Increased  under  the  action  of  light.  Its  resistance 
Is  decreased,  and  the  current  flowing  across  the  Junction  Increases. 

Thus,  with  a  change  of  the  flow  of  light,  the  current  In  a  phototransls- 
tor  circuit  Is  also  changed. 

Phototransistors  may  be  made  either  as  P-N  Junction  transistors  or 
as  point -contact  transistors,  since  It  Is  not  mandatory  to  subject  the 
P-N  Junction  to  the  action  of  light,  but  either  of  the  P-reglons  or 
N-reglons.  To  decrease  the  Influence  of  recombination,  the  drift  time 
of  the  current  carriers  Is  decreased  by  decreasing  the  width  of  the 
P-  and  N-reglons. 

Phototransistors  are  used  In  various  devices;  they  are  very 
practical,  since  they  are  small  In  dimensions  and  weight,  and  have 
great  sensitivity.  The  efficiency  of  phototransistors  Is  Increased  by 
decreasing  the  wavelength  of  light,  since  by  this  means  the  photon 
energy  Is  Increased.  However,  at  too  great  a  photon  energy,  that  Is, 
at  very  short  wavelengths,  the  electrons  acquire  too  great  an  energy 
and  may  transit  outside  the  semiconductor.  As  a  result,  photoelectron 
emission  may  be  excited.  Therefore,  phototransistors  are  not  used  for 
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work  In  the  blue  and  ultraviolet  regions  of  the  spectinun. 

17-4.  PARAMETERS  AND  CHARACTERISTICS  OP  SEMICONDUCTOR  DIODES. 

Junction  diodes  transmit  considerably  greater  currents  and  diffuse 
greater  power  at  the  contact  In  comparison  with  point -contact  diodes, 
which  Is  why  they  are  used  as  powerful  rectifiers. 

The  properties  of  semiconductor  diodes,  like  those  of  vacuum 
diodes,  are  determined  by  their  parameters  and  characteristics.  The 
system  of  parameters  used  for  Junction  diodes  differs  from  the  system 
of  parameters  used  for  point -contact  diodes,  since  measurement  of 
Junction  diodes  Is  conducted  chiefly  on  alternating  current,  and  of 
point -contact  diodes,  on  direct  current. 

The  values  of  the  basic  parameters  for  some  germanlim  diodes  of 
point -contact  and  Junction  type  are  shown  In  Tables  17-1  and  17-2  re¬ 
spectively. 

The  diodes  are  characterized  by  these  parameter  values  In  opera¬ 
tion  In  half-wave  rectification  circuits,  with  an  active  resistance 
load  (without  capacitance). 

Besides  the  above-mentioned  parameter,  the  Interelectrode  capaci¬ 
tance  of  semiconductor  diodes  Is  also  an  Important  parameter.  In  point- 
contact  diodes  this  capacitance  is  Insignificant  (from  0.2  to  o.4///tf), 
and  In  Junction  diodes  It  reaches  50  /</f.  Therefore,  point-contact 
diodes  work  on  higher  frequencies. 

The  characteristics  of  semiconductor  diodes  give  more  con?)lete  In¬ 
formation  about  their  properties  for  various  purposes. 

The  static  volt -ampere  characteristics,  expressing  the  relation¬ 
ship  of  forward  current  to  input  voltage.  Is  the  basic.  The  volt-ampere 
characteristics  of  the  worst  (curve  l)  and  of  the  best  (curve  2)  point- 
contact  germanium  diodes  of  type  DG-Ts8  are  shown  In  Pig.  17-12.  These 
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TABIE  17-1. 
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forward  current  at  a  voltage  of  1  v,  ma; 

5)  greatest  reverse  working  voltage,  v; 

6)  least  reverse  breakdown  voltage,  v; 
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II)  0.25  at  70  v;  12)  0.8  at  100  v;  13)  0. 5 
at  30  v;  14)  0.5  at  10  v. 
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6)  DG-TS21;  7)  DG-TS22;  8)  DG-Ts23; 
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characteristics  show  that  semiconductor  diodes  may  serve  to  rectify 
alternating  current. 

Besides  the  volt-ampere  charactlstlcs,  frequency  characteris¬ 
tics,  showing  the  relationship  of  the  rectified  diode  current  to  the 
frequency  of  the  alternating  supply  voltage,  are  most  Important  for  a 
point -contact  germanium  diode.  Typical  frequency  characteristics  of 
a  diode  of  the  DQ-Ts  type  for  two  values  of  load  resistance  R  =  1  kohm 
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Pig.  17-12.  Volt-ampere  character¬ 
istics  of  type  DG-TsS. 

1)  Voltage,  v;  2)  forward  current, 
ma;  3)  reverse  current,  ma. 

and  R  =  100  lohm  are  shown  In  Pig.  17-13-  It  Is  not  difficult  to  see 
that.  In  the  first  place,  rectified  current  Is  decreased  with  Increase 
of  frequency  of  supply  voltage  and.  In  the  second  place,  as  far  as  In¬ 
crease  of  load  resistance  goes,  rectified  current  depends  on  frequency 
to  a  lesser  degree.  In  the  given  case,  the  frequency  limit  exceeds  I50 
Me,  since  point -contact  germanlxim  diodes  have  a  small  transfer  capaci¬ 
tance.  Junction  diodes  as  a  consequence  of  their  greater  transfer 
capacitance  are  not  used  on  frequencies  above  50  kc. 


Pig.  I7-I3.  Frequency  characteristics 
of  a  point  contact  germanium  diode 
for  two  values  of  load  resistance. 

1)  Relationship  of  currents  If /inn 
2 \  frequency.  Me ;  3 )  100  kohm; 

4 )  1  kohm. 


17-5.  PARAMETERS  AND  CHARACTERISTICS  OP  SEMICONDUCTOR  TRIODES. 


The  resistances  characterizing  a  triode  in  selected  operating 
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a)  h)  c) 

Pig.  17-14.  Current  diagrams  of  trlodes. 
a)  With  grounded  base;  b)  with  grounded 
emitter;  c)  with  grounded  collector. 

conditions  are  the  basic  parameters  of  a  point-contact  trlode.  These 
resistances  Include  Input  and  output  resistance  as  well  as  feedback 
resistance. 

Semiconductor  trlodes  operate  In  three  basic  hookups:  with  ground¬ 
ed  base^  grounded  emitter,  or  grounded  collector  (Pig.  17-14).  Junction 
trlodes  operate  successfully  In  all  three  hookups.  Point-contact  trlodes 
operate  stably  only  In  a  hookup  with  a  grounded  base.  In  this  case,  the 
resistances  enumerated  above  are  determined  by  the  following  means: 

The  Input  resistance  which  Is  the  sum  of  the  resistances  of 

the  emitter  r^*  and  of  the  base  with  an  open  output :  r^^  =  r^  +  r^. 

The  output  resistance  r22  (the  sum  of  the  resistances  of  the 
collector  and  of  the  base  r^  with  an  open  Input):  r22  “  ^b‘ 

Peedback  resistance  r^2  (resistance  of  the  base  r^  at  open  input): 

^12  ^b* 

By  means  of  the  resistances  ^22*  ^12'  possible  to 

determine  resistances  r^,  r^^,  and  r^  separately:  r^  =  r^^  “  ^12^ 

^k  "  ^22  “  ^12’  ^b  ""  ^12* 

Since  a  circuit  diagram  with  a  common  base  (Pig.  17-l4a)  Is  or- 
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dlnarlly  used  to  read  the  characteristics  of  a  trlode,  the  values  of 


resistances  r^^,  ^22*  ^12  determined  directly  from  the 

characteristics : 


L,  —const 


A/’ 


if.  const 


A//. 


At\ 


<>.  —  const 


The  so-called  static  current  amplification  factor  flt is  also  an 
Important  parameter  of  a  trlode : 


Ai' 


9  |fl,,=r  const 


Besides  the  parameters  enumerated  above,  a  point -contact  trlode 
Is  characterized  by  a  noise  factor,  maximum  dissipated  power  at  the 
collector,  cutoff  amplification  frequency,  and  power  amplification 
factor,  expressed  as  the  relationship  of  oscillation  power  dis¬ 
charged  at  the  load  of  the  trlode  to  the  nominal  signal  supply 


power 


i\.' 


"r 

•l/t 


where  Is  alternating  component  of  output  voltage;  u^  Is  emf 

of  Input  signal  supply;  and  R^,  Is  Internal  resistance  of  Input  signal 
supply. 

The  basic  parameters  of  Junction  triodes  Include  the  static  current 
amplification  factor,  power  amplification  factor,  efficiency,  and  the 
noise  factor.  For  comparison,  some  parameters  of  point -contact  and 
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TABLE  17-3. 
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1)  Parameters;  2)  vacuiun  triodes;  3)  semi¬ 
conductor;  4)  point -contact;  5)  Junction; 

6)  efficiency  In  class  A  operation,  per  cent; 

7)  efficiency  In  class  B  operation,  per  cent; 
8j  cutoff  frequency.  Me;  9)  noise  factor,  db; 
10 ) limiting  temperature,  degrees  C;  11 )  limit¬ 
ing  lifetime,  hours;  12)  minimum  power  re¬ 
quirement,  watts;  13)  static  current  amplifi¬ 
cation  factor;  l4)  dissipation  of  power  at 
collector, watts;  I5)  emitter  current,  a; 

16)  collector  current,  a;  17)  voltage  at 
collector,  v;  I8)  to  20;  I9)  to  5-10; 

20)  to  5-10. 


Junction  triodes,  as  well  as  vacuum  triodes,  are  shown  In  Table  17-3* 

Comparison  of  the  data  In  this  table  shows.  In  the  first  place, 
that  semiconductor  triodes  have  a  number  of  substantial  advantages  In 
comparison  to  vacuum  triodes.  For  exan^Jle,  they  require  an  extremely 
small  amount  of  power  and  have  a  long,  useful  life.  One  should  add  to 
these  their  small  dimensions  and  weight  and  also  great  mechanical 
strength.  Besides  this.  Junction  triodes,  in  comparison  to  point -con¬ 
tact  triodes,  have  a  greater  mechanical  strength  thanks  to  the  lack 
of  point -contacts,  as  viell  as  considerably  less  intrinsic  noise  and  great¬ 
er  output  power. 

However,  semiconductor  triodes  also  have  a  number  of  substantial 
shortcomings,  among  which  should,  first  of  all,  be  noted  their  small 
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Pig.  17-15.  Static  output 
characteristics  of  a  point- 
contact  trlode. 


Pig.  17-16.  Static  ampll-’' 
flcatlon  characteristics 
of  a  point-contact  trlode. 


output  power^  limited  operating  frequencies,  and  also  their  low  operat¬ 
ing  temperature,  a  change  In  which  considerably  changes  their  parameters. 

Studies  of  the  first  samples  of  semiconductor  trlodes  showed  that 
the  amplification  factor  Is  considerably  decreased  by  a  rise  In  fre¬ 
quency  of  from  1  to  10  Me.  At  the  present  time.  It  Is  possible  to  make 
semiconductor  trlodes  which  can  operate  on  frequencies  I5O-3OO  Me.  This 
limit  Is  conditional  upon  the  time  required  for  electrons  or  holes  to 
traverse  the  distance  between  the  emitter  and  the  collector,  resembling 
the  principle  that  the  frequency  limit  of  vacuum  trlodes  Is  conditional 
upon  the  transit  time  of  the  electrons  between  the  cathode  and  the  grid. 

Among  the  characteristics  of  point-contact  trlodes,  the  static 
characteristics  and  especially  the  output  characteristics  and  ampllfl- 


Plg.  17-I7.  Static  output  charac¬ 
teristics  of  an  N-P-N  Junction 
trlode  for  high  current  and  voltage 
values. 
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cation  characteristics,  have  practical  value.  The  output  characteris¬ 
tics  are  a  factor  of  the  dependence  of  negative  voltage  at  the  collector 
on  the  collector's  negative  current.  A  family  of  these  characteristics 
is  shown  in  Fig.  17-15-  One  may  see  that  the  output  characteristics  of 
the  point -contact  trlode  are  extremely  similar  to  the  characteristics 
of  a  vacuum  trlode. 

The  amplification  characteristics  express  the  dependence  of  nega¬ 
tive  voltage  at  the  collector  on  emitter  current  (Plg.  17-16).  They 
resemble  the  grid  characteristics  of  a  vacuum  trlode.  The  basic  differ¬ 
ence  of  the  characteristics  of  a  semiconductor  trlode  from  the  charac¬ 
teristics  of  a  vacuum  trlode  consists  of  the  fact  that  voltages  are 
plotted  along  the  Y  axis  and  currents  along  the  X  axis.  Therefore,  the 
quantities  determined  from  these  characteristics  and  characterizing  the 
properties  of  semiconductor  trlode s  have  the  dimensions  of  resis¬ 
tances. 

It  is  possible  to  compute  resistances  r^g  and  rg^  from  the  resis¬ 
tances  for  a  selected  condition. 

In  practice,  it  has  also  turned  out  to  be  convenient  to  construct 
the  characteristics  of  Junction  triodes,  which  are  not  essentially 
different  from  the  characteristics  of  a  point-contact  trlode,  on  the 
same  coordinates.  The  static  output  characteristics  of  a  Junction  trl¬ 
ode  for  large  currents  and  voltages  are  shown  in  Pig.  17-17-  IT  these 
characteristics  are  constructed  by  plotting  current  on  the  Y  axis  and 
voltage  along  the  X  axis,  that  is,  as  if  for  a  vacuvun  tube,  we  obtain 
characteristics  resembling  the  characteristics  of  a  pentode.  In  general, 
the  method  of  constructing  the  characteristics  is  determined  by  the 
same  formulas  used  to  calculate  one  or  the  other  of  the  parameters. 

17-6.  PHOTOVARISTORS. 

A  semiconductor  device  which  changes  its  electrical  resistance 
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under  the  action  of  light  la  called  a  photovaristor. 

In  photovaristors,  when  photon  energy  Is  absorbed  by  a  semiconduc¬ 
tor,  the  electrons  do  not  leave  the  semiconductor  as  will  occur  during 
extrinsic  photoeffect,  but  traverse  only  from  the  space-charge  energy 
region  into  the  conduction  band;  holds  are  also  formed  In  the  space - 
charge  region.  The  occurrence  of  electrons  In  the  conduction  band  and 
holes  In  the  space-charge  region  creates  a  sharp  reduction  of  the  elec¬ 
trical  resistance  of  the  semiconductor  during  Its  Illumination  (intrin¬ 
sic  photoeffect).  However,  one  should  bear  in  mind  that  the  electrical 
resistance  of  a  semiconductor  may  be  decreased  only  If  the  photon 
energy  hv  Is  equal  to  or  greater  than  the  energy.AEQ,  which  electrons 
must  have  to  overcome  the  forbidden  zone,  that  Is,  h\>  :>AEq.  If 
hv  •<.  AEq,  the  electrons  cannot  overcome  the  forbidden  zone  and  traverse 
from  the  space -charge  region  to  the  conduction  band  and  photoconduction 
does  not  occur. 

Thus,  a  radiation  frequency  Vq  exists  for  every  semiconductor.  In 
the  presence  of  which  and  above  which  photoconduction  takes  place.  If 
the  frequency  of  the  radiation  falling  on  the  semiconductor  Is  less  than 
frequency  photoconduction  does  not  occur.  Therefore,  It  follows  that 
photoconduction  Is  determined  both  by  the  quantity  of  energy  charac¬ 
terizing  the  semiconductor  and  by  the  quantity  of  V,  characterizing  the 
radiation. 

Photovaristors,  depending  upon  their  purpose,  are  made  of  various 
semiconductor  materials:  selenium,  thallium  sulphide,  lead  sulphide, 
and  others. 

A  simplified  construction  of  a  selenium  photovaristor  Is  shown  In 
Pig.  17-18  as  an  example.  A  system  of  closely  arranged  parallel  grooves 
(or  a  system  of  electrodes  In  the  form  of  strips)  Is  engraved  on  the 
surface  of  a  glass  plate.  The  distance  between  the  grooves  Is  about 
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Pig.  17-18.  Simplified  dia¬ 
gram  of  structure  and  circuit¬ 
ry  of  a  selenium  photovaristor, 
ll  Glass  plate;  selenium; 

3)  conductive  grooves. 


Pig.  I7-I9.  Light  character¬ 
istics  of  a  thallium-sulphide 
photo varistor. 

1) 


0.1  mm.  Then  the  grooves  are  filled  with  a  conductor  substance  (for 
example j  graphite  or  gold)  and  a  thin  layer  of  a  semiconductor  Is 
laid  on  the  surface  of  the  plate.  If  the  conductive  grooves  are  Joined 
one  to  the  other  and  two  terminals  are  led  from  them,  a  system  of 
closely  arranged  parallel  conductors  is  obtained  on  the  glass  plate, 
the  Intervals  between  which  are  covered  with  a  semiconductor.  These 
intervals  are  also  photovaristors.  Naturally,  the  shorter  the  distance 
between  the  grooves,  the  smaller  the  semiconductor's  resistance. 

Since  the  semiconductors  used  as  photovaristors  strongly  change 
their  properties  in  contact  with  the  air,  photovaristors  are  placed  In 
a  glass  bulb  which  has  been  either  evacuated  or  filled  with  an  Inert 
gas  for  more  stable  operation. 

The  dark  resistance  of  a  selenium  photovaristor  ordinarily  amounts 
to  0. 2-0. 5  megohm.  Hence,  the  dark  current  Is  small.  When  the  photo- 
varistor  is  Illuminated,  the  dark  resistance  Is  decreased  by  3  to  5 
times  and  the  current  Increases  correspondingly.  The  dark  resistance 
of  thallium  photovaristors  amounts  to  several  megohms.  Therefore,  their 
dark  current  Is  considerably  less,  by  comparison,  than  selenivim  photo- 
varistors. 

The  basic  characteristics  of  photovaristors  are  the  light,  spectral, 
and  frequency  characteristics. 
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Pig.  17-20.  Spectral  charac¬ 
teristics  of  a  (1)  thallium- 
sulphide  and  a  (2)  selenium 
photovaristor. 


Pig.  17-21.  Prequency  charac¬ 
teristics  of  a  selenliun  pho- 
tovarlstor. 
l)  cps. 


The  light  characteristics  of  a  thallium-sulphide  photovaristor  are 
nonlinear  (Plg.  17-19)-  When  the  luminous  flux  Is  increased,  at  first 
current  Increases  relatively  fast,  but  later  ever  slower  and  slower. 
This  dependence  of  current  upon  luminous  flux  is  roughly  expressed  by 
the  formula  I  kVP. 

The  spectral  characteristics  of  selenium  and  thallium-sulphide 
photovaristors  are  shown  In  Pig.  17-20.  They  show  that  the  selenium 
photovaristor  Is  most  sensitive  to  rays  of  the  visible  and  red  part  of 
the  spectrum,  and  the  thallium -sulphide  photovarlstor  to  rays  of  the 
Infrared  part  of  the  spectrum. 

The  frequency  characteristics  of  a  selenium  photovarlstor,  ex¬ 
pressing  the  dependence  of  sensitivity  of  the  photovarlstor  on  the 
frequency  of  change  of  the  luminous  flux,  are  shown  In  Pig.  17-21.  In 
a  given  case,  the  sensitivity  of  the  photovarlstor  falls  with  the  In¬ 
crease  of  frequency  change  of  the  liunlnous  flux,  that  Is,  the  quantity 
of  photocurrent  does  not  Instantly  follow  the  change  of  the  luminous 
flux,  but  lags  behind  more  and  more  as  frequency  change  of  the  luminous 
flux  Increases,  which  Is  a  great  shortcoming  of  photovaristors  and 
limits  their  field  of  usage  to  the  limits  of  the  smaller  frequency 
changes  of  the  Ivimlnous  flux.  The  photovaristors  are  not  used  with 
rapid  luminous  flux  changes. 

The  sensitivity  of  a  selenium  photovarlstor.  In  the  steepest  part 
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of  Its  light  olrnaract eristics  corresponding  to  a  small  luminous  flux, 
attains  values  of  8O0  to  1000 ^ua/l,  but  with  Increase  of  luminous 
flux  it  decreases  the  value  to  15O  to  200  jua/l. 

Thallium-Sulphide  (thalloflde)  photovaristors  are  made  of  thallium 
sulphide.  In  msnufac taring  photovaristors,  thallium  sulphide  Is  oxidized 
at  80°C  In  the  air  for  a  long  time.  Thallium-sulphide  photovaristors  are 
supplied  with  Special  red  filters  which  protect  the  light-sensitive 
layer  from  the  destructive  action  of  short-wave  light. 

The  sensl'M;lvlty  of  thallium-sulphide  photovaristors  at  very  small 
luminous  fluxees  reaches  10,000  /&/!. 

17-7.  barrier-slayer  photocells. 

A  semi concduc tor  device  In  which  the  action  of  light  originates  emf, 
which  creates  eslectrical  current  in  the  external  circuit,  is  called  a 
barrier-layer  ;iphotocell  (or  a  barrier  photocell). 

In  contra jBt  to  a  photovaristor,  which  consists  only  of  one  semi¬ 
conductor,  a  b=arrler  photocell  consists  of  two  semiconductors,  one  of 
which  has  elec  tron  conduction  and  the  other  hole  conduction.  Both  semi¬ 
conductors  are  divided  by  the  so-called  P-N  Junction,  which  transmits 
current  only!  none  direction,  that  Is,  performs  the  function  of  a 
barrier  layer.  Selenium,  thalllvun  sulphide,  cuprous  oxide,  silver  sul¬ 
phide,  and  oth_er  semiconductor  materials  are  used  In  manufacturing 
barrier  photoc  ells.  Therefore,  depending  upon  the  type  of  material  used, 
there  are  sel&-nlum,  thallium-sulphide,  silver- sulphide,  and  other  types 
of  photocells. 

Depending  upon  temperature  treatment,  the  P-N  Junction  (the  barrier 
layer)  may  be  fomed  either  between  the  upper  semitransparent  metallic 
layer,  througl:^  which  light  penetrates  Into  the  semiconductor,  and  the 
semiconductor,^  or  between  the  lower  metallic  plate,  which  serves  as  a 
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base,  and  the  semiconductor  layer.  Therefore,  there  are  two  types  of 
barrier-layer  photocells:  photocells  with  front-wall  (front)  photoeffect. 
In  which  the  barrier  layer  Is  formed  between  the  semiconductor  and  the 
semitransparent  metallic  layer,  and  photocells  with  rear-wall  (rear) 
photoeffect.  In  which  the  barrier  layer  Is  formed  between  the  semicon¬ 
ductor  and  the  metallic  base  plate.  Cuprous-oxide  photocells  have  front 
and  rear  photoeffect;  a  simplified  diagram  of  the  structure  of  such 
photocells  Is  shown  In  Pig.  17-22. 

Let  us  consider  the  operating  principle  of  a  barrier  photocell. 

In  Section  17-2,  we  discussed  the  fact  that  some  Internal  difference 
of  potential  (a  potential  threshold)  Is  established  between  the  electron 
and  hole  regions  of  a  semiconductor  (in  the  P-N  Junction)  as  a  result 
of  the  diffusion  of  major  carriers  of  charges  In  mutually  opposite 
directions  (Plg.  17-5a).  By  this  means,  the  Internal  electrical  field  E 
In  the  P-N  Junction  Is  moved  from  the  electron  region  to  the  hole  region. 
If  the  semiconductor  Is  subjected  to  the  Influence  of  light,  electrons 
and  holes  are  originated  In  It  In  equal  amounts:  the  electrons,  having 
absorbed  the  photons'  energy,  transit  from  the  space -charge  energy 
region  to  the  conduction  band;  as  a  result  of  the  movement  of  the  elec¬ 
trons,  holes  are  formed  In  the  space -charge  region.  In  a  quantity 
equal  to  the  number  of  electrons  which  have  transited  Into  the  conduc¬ 
tion  band. 

Under  the  action  of  electrical  field  E,  which  was  created  by  the 
division  of  the  majority  carriers  of  charges,  the  minority  carriers, 
electrons  In  the  hole  region  and  holes  In  the  electron  region,  which 
were  also  created  by  radiation  action,  are  accelerated  In  the  direction 
of  the  P-N  Junction  and  are  shifted  across  It  In  mutually  opposite 
directions :  the  holes  to  the  hole  region  and  electrons  to  the  electron 
region.  As  a  result  of  this,  the  hole  region's  potential  Is  Increased, 
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Pig.  17-22.  Structure  of 
a  cuprous-oxide  barrier- 
layer  photocell, 
l)  Copper j  2)  cuprous 
oxide;  3)  barrier  layer; 
4)  semitransparent  layer 
of  metal. 


Pig.  17-23.  Change  of 
potential  threshold  by 
creation  of  photoelectric 
motive  force. 


and  the  electron  region's  potential  Is  decreased.  Simultaneously,  an 
electrical  field,  conditioned  by  the  division  of  the  minority  carriers 
of  charges  which  were  formed  by  the  radiation  action.  Is  originated  In 
the  P-N  Junction.  This  field  blocks  further  division  of  the  above- 
mentioned  minority  carriers,  and,  consequently,  further  change  of  the 
potentials  of  the  electron  and  hole  regions.  At  the  end,  a  state  of 
equilibrium  sets  In,  In  which  the  number  of  charges  traversing  in  one 
direction  In  a  given  unit  of  time  Is  equal  to  the  number  of  charges 
traversing  In  the  opposite  direction.  As  a  result,  the  height  of  the 
potential  threshold  h^,*  which  corresponded  to  the  unlllumlnated 
semiconductor.  Is  decreased  to  value  h„,**  corresponding  to  the  llluml- 
nated  semiconductor  (Pig.  17-23).  Thus,  the  Influence  of  light  on  the 
semiconductor  on  one  hand  leads  to  the  establishment  of  a  state  of 
equilibrium  of  the  minority  carriers  and  on  the  other  hand  to  disruption 
of  the  state  of  equlllbrlvim  of  the  majority  carriers,  as  a  result  of 


*  [h^  -  h^  -  ^tgjjjnovoe  ~  ^dark*  ^ 

**  “  ^svetovoe  “  ^llght*  ^ 
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which  the  height  of  the  potential  threshhold  Is  decreased  by  quantity 

h  -  %  = 

The  greater  the  light  Intensity,  the  greater  the  number  of  elec¬ 
trons  and  holes  that  originate  In  the  semiconductor  and  the  greater  the 
difference  Ah  Is  Increased.  This  difference,  originated  under  the  action 
of  light  In  a  barrier  photocell,  has  been  named  photoelectric  motive 
force. 

When  Illumination  of  the  semiconductor  ceases,  height  of  potential 
threshold  h  again  receives  the  value  h,  ,  by  means  of  which  difference 

h,  -  h  and,  consequently,  photoelectric  motive  force  drops  to  zero. 

Xf  c 

Thus,  the  quantity  of  photoelectric  motive  force  changes  as 
luminous  flux  Is  changed.  With  minor  changes  of  luminous  flux  this 
change  bears  a  linear  character.  With  greater  luminous  fluxes  photo¬ 
electric  motive  force  Is  Increased  more  slowly  than  luminous  flux  as 
a  consequence  of  which  linearity  Is  disrupted.  With  sufficiently  great 
values  of  Ivunlnous  flux,  saturation  sets  In:  photoelectric  motive  force 
Is  barely  Increased  by  an  Increase  In  liunlnous  flvix.  This  Is  explained 
by  the  fact  that  with  great  Iximlnous  fluxes  the  number  of  charges  created 
In  the  semiconductor  by  the  action  of  light  attain  limit  value,  and  are 
Increased  very  little  by  further  Increase  of  liunlnous  flux. 

In  the  presence  of  photoelectric  motive  force,  the  electrical 
field  In  the  P-N  Junction  Is  moved,  as  Is  the  E  field,  from  the  electron 
conduction  region  of  the  semiconductor  to  the  region  of  the  semiconduc¬ 
tor  with  hole  conduction.  Therefore,  an  electrode  In  contact  with  the 
hole  semiconductor  always  has  a  positive  potential,  and  an  electrode 
In  contact  with  an  electron  semiconductor,  negative  potential.  Prom 
this  It  follows  that  In  the  same  types  of  barrier  photocells,  the  semi¬ 
transparent  electrode  may  have  either  positive  or  negative  potential 
depending  upon  which  semiconductor  It  contacts. 
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Pig.  17-24.  Light  charac¬ 
teristics  of  a  thallltim- 
sulphlde  barrier-layer 
photocell  at  different 
values  of  load  resistance. 


Pig.  17-25.  Spectral  charac¬ 
teristics  of  thallium-sulphide 
(1)  and  cuprous -oxide  (2) 
barrier-layer  photocell. 


Thus,  barrier  photocells  differ  from  photocells  with  extrinsic 
and  Intrinsic  photoeffect  by  the  presence  of  an  Intrinsic  emf. 

The  basic  characteristics  of  barrier  photocells  are  light  and 
spectral  characteristics.  The  light  characteristics  of  a  thallium- 
sulphide  photocell,  obtained  at  various  values  of  load  resistance  R_, 

a 

are  shown  In  Pig.  17-24.  These  characteristics  show  that  when  R_  =  0 

a  * 

the  photocurrent  changes  linearly  with  change  of  luminous  flux,  but  when 
R  >  0  the  relationship  I  =  f  (P)  becomes  nonlinear.  The  light  charac- 

a 

terlstlcs  of  a  selenium  photocell  also  have  an  analagous  form. 

The  spectral  characteristics  of  thalllvun-sulphlde  and  cuprous - 
oxide  barrier-layer  photocells  are  shown  In  Pig.  I7-25.  The  spectral 
characteristics  of  a  theillliim -sulphide  photocell  Includes  the  region 
of  the  visible  spectinim  and  the  greater  part  of  the  Infrared  rays  (the 
maximum  sensitivity  corresponds  to  wavelengths  of  the  order  of  9^500  A), 
and  cuprous-oxide  photocells  are  sensitive  to  blue  rays.  The  sensitivity 
of  cuprous-oxide  photocells  with  frontal  photoeffect  amounts  to  100-200 
and  of  selenliim  photocells  to  400-500  yua/l  with  the  maximum  In 
the  regions  of  the  blue  and  the  green  rays. 

In  the  rear  photoeffect,  when  the  semitransparent  film  Is  positive¬ 
ly  charged  and  the  basic  plate  negatively,  thallltun-sulphlde  photocells 
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have  a  very  great  sensitivity  (from  4,000  to  6,000  /ta/l). 

17-8.  APPLICATIONS  OP  SEMICONDUCTOR  DEVICES. 

Germanium  Junction  diodes  are  chiefly  used  as  rectifiers.  The  low 
value  of  rectified  voltage  Is  a  substantial  shortcoming  of  these  diodes. 
However,  a  series  connection  of  diodes  having  equal  Internal  resistances 
both  for  forward  and  inverse  current  permit  the  attainment  of  a  rectified 


Pig.  17-26.  Detection  with  a  small 
angle  of  cutoff  9,  without  consider¬ 
ing  reverse  conduction,  and  aligning 
the  working  section  of  the  charac¬ 
teristics  I  =  f(u). 

voltage  of  the  order  of  200-250  v,  which  Is  entirely  adequate  for 
supply  of  tube  anode  circuits. 

Germanium  diodes  are  also  used  In  rectifying  circuits  Intended  for 
supplying  low-power  receiving  and  measuring  units.  Diodes  with  high 
breakdown  voltage  and  Insignificant  resistance  In  a  forward  direction 
are  used  In  such  circuits. 

Polntr-contact  diodes,  both  silicon  and  germanium,  are  used  pri¬ 
marily  as  detectors  and  mixers  In  receivers  In  the  microwave  band.  The 
germanium  diode  Is  used  for  detection  of  AM  vldeoslgnals  in  television 
sets. 

In  detection,  semiconductor  diodes  often  operate  with  small  angles 
of  cutoff  ii,  when  the  quiescent  point  A  Is  biased  to  the  left  (Plg. 
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17-26)  and  the  quantity  of  this  bias  Is  almost  equal  to  the  amplitude 
of  the  oscillations  detected.  In  such  a  condition  the  voltage  led 
to  the  diode  Is  almost  equal  to  the  doubled  signal  amplitude.  Therefore, 
to  detect  the  oscillations  of  a  signal  with  an  amplitude,  for  example, 
of  25  V,  a  diode  which  can  stand  a  voltage  of  not  less  than  50  v  Is 
required. 

■DJl-odes  of  the  DG-Ts  type  may  also  be  used  for  generation  of 
oscillations  with  a  power  of  the  order  of  100-120  mw  at  frequencies  of 
from  1  to  2  kc.  At  higher  frequencies,  oscillation  power  Is  sharply  re¬ 
duced  because  of  heat  losses  In  the  semiconductor.  Besides  this,  these 
diodes  are  used  In  circuits  for  doubling  frequencies  of  low  power. 

Plnally,  germanium  diodes  of  the  DG-Ts  type  are  widely  utilized  In 
measuring  techniques  when  measuring  high  frequency  voltages  and  currents 
(up  to  100  Me). 

Semiconductor  rectifiers  are  not  limited  to  two  types:  diodes  and 
trlodes.  At  the  present  time,  experimental  forms  of  semiconductor 
tetrodes  have  been  developed. 

Many  circuits  for  generators,  low-  and  me dlvun -frequency  amplifiers, 
direct -current  aii?)llflers,  videosignal  amplifiers  In  television  engineer¬ 
ing,  and  others,  are  accon?)llshed  by  means  of  semiconductor  rectifiers 
and  amplifiers.  Ihe  perfection  of  prlnted-clrcult  technique  and  the  ap¬ 
plication  of  crystal  diodes,  trlodes,  and  tetrodes  In  them  create  the 
possibility  of  considerable  decrease  In  power  requirements,  external 
dimensions,  and  weight  of  such  equipment. 

Semiconductor  devices  have  found  the  most  diversified  application 
In  radio  engineering,  automation,  telemechanics,  and  In  many  other 
fields  of  science  and  technology.  Even  now,  when  they  are.  In  essence. 

In  the  Initial  stages  of  their  development.  It  Is  possible  to  say  that 
they  have  a  great  future,  since  their  role  in  science  and  technology  Is 
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steadily  growing.  In  some  fields  these  devices  are  successfully  replac¬ 
ing  the  ordinary  vacuum  tube,  and  In  other  fields  they  are  also  suc¬ 
cessfully  being  used  together  with  vacuiun  tubes.  Naturally,  we  cannot 
say  at  present  that  semiconductor  rectifiers  and  amplifiers  will  "en¬ 
tirely  supersede  vacuum  tubes.  "  In  fact,  semiconductor  diodes,  trlodes, 
and  tetrodes  are  s\;pplementlng  vacuum  tubes  very  well,  and,  together 
with  the  latter,  permit  new  solutions  of  various  scientific  and  engineer 
Ing  problems. 

Photovaristors  and  barrier-layer  photocells  are  mainly  used  only 
In  visible  light  engineering  measuring  equipment.  In  visual  light  sig¬ 
naling  apparatus,  and  In  other  equipment  which  operates  by  slow  changing 
of  luminous  flux  and  In  some  cases  without  preampllf Icatlon  of  the 
photocurrent,  since  the  current  of  these  devices  Is  adequately  high. 

The  limitation  of  the  field  of  use  of  photo varistors  and  barrier-layer 
photocells  Is  explained  by  the  fact  that  they  have  great  Inertness  In 
operation  with  rap Idly -changing  luminous  fluxes.  Besides  this,  the 
field  of  application  of  photo varistors  and  barrier-layer  photocells 
Is  also  limited  by  reason  of  the  strong  dependency  of  these  devices' 
current  and  emf  on  the  temperature. 
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